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FOREWORD 


This  is  Part  I  of  a  two-part  report  on  the  effect  of  noise^  of  moderately  high  intensity  and 
several  hours  duration,  on  the  auditory  mechanism  of  cats.  This  portion  deals  with  measurements 
of  temporary  and  permanent  hearing  threshold  shifts  produced  in  the  eiqiwrimental  animals  by  well 
defined  ensures  to  noise,  and  correlates  threshold  changes  with  histologic  findings  in  the  same 
ears.  Detailed  description  of  the  histopathology  of  the  ears  comprises  Part  n. 

This  research  was  supported  by  the  Bioacoustics  Branch,  Biomedical  Laboratory,  6570th 
Aerospace  Medical  Research  Laboratories,  under  Project  No.  7231,  "Biomechanics  of  Aerospace 
OperatiCHis, "  Task  No.  723102,  "Response  of  the  Nervous  System  to  External  Dynamic  Forces. " 
hbjor  Ron^d  G.  Hansen,  Major  W.  J.  Gannon,  and  Dr.  J.  R.  Mundie  served  as  contract  monitors 
for  the  Biomedical  Laboratory. 

Testing  of  the  cats  was  done  under  Contract  AF  33(616) -3844  with  the  Hearing  and  Communica 
tion  Laboratory,  Research  Division,  Indiana  University  Fouixlation,  Bloomington,  Indiana.  Dr. 
James  P.  Egan  was  principal  investigator.  The  investigations  were  conducted  by  Dr.  James  D. 
Miller  and-Mr.  Charles  S.  Watson.*  Cling  D.  Anderson,  Gordon  Z.  Greenberg,  and  Richard  F. 
Gundy  assisted  in  several  phases  of  the  program. 

Histopathology  of  the  cat  ears  was  accomplished  under  Contract  AF  33(616)  3637  with  Wash¬ 
ington  University,  Saint  Louis,  Missouri.  Dr.  Walter  P.  Covell  was  principal  investigator. 

Supplementary  support  was  provided  to  the  Hearing  and  Communication  Laboratory  by  the 
Deafness  Research  Foundation,  Indiana  University,  and  by  Allison  Division  of  General  Motors, 
Indianapolis,  Indiana.  Instruction  in  the  surgical  techniques  for  the  destruction  of  cochlea  and 
many  helpful  suggestions  concermng  threshold  testing  as  well  as  the  care  of  the  laboratory  cat 
were  provided  by  Dr.  W.D.  Neff  of  Bolt  Beranek  and  Newman  Inc. ,  Cambridge,  Massachusetts. 

Final  stages  of  data  analysis  and  preparatimi  of  the  manuscript  were  completed  after  Dr. 
Miller  was  appointed  to  the  staff  of  the  Central  bistitute  for  the  Deaf,  Saint  Louis,  Missouri.  The 
support  of  the  Institute  through  grants  from  the  National  Institute  of  Neurological  Diseases  and 
Blindness  is  gratefully  acknowledged.  Dr.  Donald  H.  Eldredge  of  the  Central  Institute  for  the 
Deaf  helped  in  planning  of  the  exposures  and  in  interpreting  the  audiometric  and  histological  find¬ 
ings. 


The  e;q>eriments  reported  Herein  were  conducted  according  to  the  "Principles  of  Laboratory 
Animal  Care"  established  by  the  National  Society  for  Medical  Research. 


*  Mr.  Watson  is  now  at  the  Department  of  Psychology  and  the  Defense  Research  Laboratory  of  the 
University  of  Texas. 
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ABSTRACT 


Aural  effects  of  exposure  to  intense  noise  were  Investigated  by  measurements  of  the  auditory 
sensitivity  of  cats^  as  determined  by  their  behavior^  before  and  after  eiqwsures  and  by  histological 
examination  of  their  cochleas.  The  results  of  extensive  determinations  of  the  cat's  audibility 
threshold  curve  for  sound  fields  are  reported  and  a  standard  audibility  curve  is  constructed. 
Threshold  shifts  that  are  measured  post-e:q>osure  i«nd  decline  in  time  to  zero  are  denoted  as 
temporary  threshold  shifts  (TTS)  ■  Threshold  shifts  that  persist  over  a  period  of  several  weeks 
are  called  persistent  threshold  shifts  (PTS)  and  permanent  injury  to  the  auditory  mechanism  is 
inferred.  Threshold  shifts  that  have  both  temporary  and  persistent  components  are  defined  as 
compound  threshold  shifts  (CTS) .  Broad-band  noise  was  used  as  an  exposure  to  produce  the 
threshold  shifts.  Exposures  of  the  cat  to  115  db  for  1/8  hour  or  105  db  for  1/4  hour  result  in  TTS 
with  the  same  general  features  and  course  of  recovery  as  for  man.  However,  1/4-hour  eiqposures 
require  18  db  less  sound  to  produce  the  s^tme  magnitude  of  shift  in  the  cat.  Noise  of  115  db  for 
1/4,  1/2,  2,  or  8  hours  without  interruption  produced  PTS  in  which  magnitude  depended  on  the 
duration  of  the  exposure,  the  test-tone  frequency,  and  the  susceptibility  of  the  individual  cat.  When 
the  2-hour  exposure  was  divided  into  16  doses  of  1/8  hour  each  and  four  different  inter -e}qx)sure 
intervals  of  0,  1,  6,  and  24  hours  were  used,  PTS  declined  as  inter-esqposure  interval  increased. 
PTS  audiograms  produced  by  either  continuous  or  spaced  ejqaosures  to  broad-band  noise  had 
characteristic  shapes.  The  size  of  the  temporary  component  of  the  CTS  increased  with  the 
severity  of  the  exposure.  Its  rate  of  recovery  is  most  rapid  the  first  few  days  after  e^osure. 

The  period  of  recovery  increases  with  the  serarity  of  e:qi>osure.  Recovery  processes  seem  to 
have  stopped  in  all  cases  after  the  first  two  post -exposure  months.  An  octave-band  of  noise  with 
a  band  pressure  level  to  match  that  of  the  broad-band  noise  was  also  used  as  an  exposure.  The 
masking  pattern  of  the  octave  band  was  determined  and  was  as  expected  except  for  unexplained 
masking  at  124  cps.  Exposure  to  the  octave  band  produced  small  but  definite  TTS  throughout  the 
entire  frequency  range  tested-  A  scale  for  the  histological  evaluation  of  injuries  is  presented  and, 
using  this  scale,  injuries  were  rated  at  seven  locations  in  each  cochlea.  An  ordering  of  injuries 
from  slight  changes  in  Deiter's  cells  to  marked  changes  in  both  Deiter's  cells  and  hair  cells  appears 
to  have  emerged-  The  pattern  of  injury  ratings  along  the  basilar  membrane  is  highly  similar  to  the 
pattern  of  the  behavioral  audiograms,  if  both  are  placed  on  an  anatomical -frequency  scale. 
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I.  imRODocnoN 


The  relations  between  deafness  and  exposujre  to  noise  have  been  studied  In 
clinical  cases  and  by  field  survey  methods  (see,  for  example,  refs.  26,  27).  In 
the  laboratory,  histological  and  electro-physiological  methods  have  been  used  most 
often  (see,  for  example,  ref.  8).  In  addition.  Inferences  about  acoustic  trauma 
and  nolse-lnduced  deafness  have  been  drawn  from  laboratory  Investigations  of 
temporary  threshold  shifts  (see,  for  example,  refs.  37>  39).  Another  laboratory 
method,  a  method  of  behavioral  audiometry  with  experimental  animals,  was  used  In 
the  experiments  to  be  reported  In  this  monograph. 

This  method  has  been  previously  vised  to  advantage  by  Lindquist,  Neff,  and 
Schuknecht  (ref.  20 )*  and  It  utilizes  the  following  kinds  of  procedures.  Labora¬ 
tory  oats  were  trained  to  respond  to  tones,  and  measuz>es  of  their  auditory  sensi¬ 
tivity  are  made  before  and  at  Intervias  after  an  exposure  to  noise.  These 
measures  of  auditory  sensitivity  and  their  time  course  over  the  post-exposure 
Interval  are  used  to  define  the  following  variables.  A  threshold  shift  Is  defined 
as  the  post-exposure  threshold,  expressed  In  decibels,  minus  the  pre-exposure 
threshold.  If  a  threshold  shift  Is  measured  at  a  time  that  exceeds  a  few  secmds 
sifter  the  cessation  of  the  exposure  and  if  this  threshold  shift  declines  to  zero 
over  time,  the  animal  Is  said  to  have  suffered  a  teoporsury  threshold  shift  (TTS). 

If  threshold  shifts  are  measured  that  are  stable  sued  persist  over  a  period  of 
several  weeks,  then  these  threshold  shifts  are  said  to  be  persistent  threshold 
shifts  (FTS's)  and  permanent  Injviry  to  the  auditory  mechanism  Is  Inferred.  Thresh¬ 
old  shifts  that  have  both  temporary  and  fresh  persistent  components  are  defined  as 
compovmd  threshold  shifts  (CTS's).  (The  compound  threshold  shift  Is  a  new  term  and 
It  Is  discussed  In  Chapter  VI.) 

Although  each  of  the  methods  mentioned  above  provides  a  particular  kind  of 
valuable  information,  the  method  of  behavlorsO.  audiometry  with  laboratory  animals 
has  certain  advantages  for  the  Investigation  of  nolse-lnduced  deafness  and  acoustic 
trauma.  Precise  control  and  specification  of  the  conditions  of  the  exposure  are 
possible.  Audlometrlc  measures  can  be  made  on  each  cat  before,  during,  and  after 
exposures  to  noise.  In  contrast  to  most  electrophyslologlcal  and  all  histological 
methods,  the  methods  of  making  audlometrlc  measurements  do  not  disturb  or  Interfere 
with  the  later  performance  of  the  avidltory  mechanism.  A  compelling  advantage  of  a 
method  of  behavioral  audiometry  Is  the  fact  that  changes  In  the  audiogram  clearly 
define  one  of  the  most  Important  aspects  of  what  Is  meant  by  damage  or  Injury  to 
hearing. 

Of  course,  a  psu'tlcular  method  can  only  answer  a  limited  range  of  questions. 
Certain  functional  and  stxMctural  changes  produced  by  noise  can  only  be  determined 
by  physiological  and  anatomical  methods.  Inferences  to  the  human  species  based  on 
data  from  another  species  must  be  made  with  care.  Practical  dlssulvantages  of 
behavioral  audiometry  with  animals  are  the  time-consuming  tasks  of  training  the 
animals  and  testing  their  auditory  sensitivity. 

Utilizing  a  method  of  behavioral  audiometry,  we  collected  data  which  are 
relevant  to  the  following  Issues t  the  audibility  curve  of  the  cat,  growth  of  FTS 
with  Increasing  durations  of  exposure  to  noise,  the  effect  of  brealbng  up  an 
Injurious  exposure  Into  a  series  of  short,  spaced  exposures  to  noise,  the  relation 
between  TTS  audiograms  auid  PTS  audiograms,  the  relation  between  PTS  audiograms  and 
the  spectrum  of  the  noise,  amount  and  period  of  recovery  after  exposure  to  the 
noise,  emd  the  relation  between  traumatic  effects  of  noise  In  the  human  and  the  cat 
ear.  In  addition,  a  histological  evs^.uatlon  was  made  of  each  cat's  cochlea;  It  Is 
therefore  possible  to  present  an  evaluation  of  the  structural  changes  produced  by 
the  exposure  as  well  as  data  on  the  relation  between  the  behavioral  and  the  histo¬ 
logical  findings. 
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II.  SUBJECTS  AMD  AUDIOWIRIC  PROCEDURES 


Introduction 


Cats  were  used  as  subjects  and  they  are  described  below.  The  cats  were 
trained  to  respond  to  a  tonal  stlsulus  by  the  oMthod  of  instrumental  avoldanoe 
conditioning.  The  learned  response,  after  extended  training  and  with  special 
precautions,  was  used  to  determine  behavioral  thresholds  In  a  psychophysical 
procedure.  All  training  and  testing  were  carried  out  in  a  proper  acoustical 
envlracuiient.  Although  the  essentials  of  the  training  and  testing  procedures  have 
been  previously  described  by  Culler  and  Associates  (ref.  5)  and  by  Neff  (ref.  24), 
the  apparatus  and  methods  used  in  the  present  experiments  are  described  In  detail 
In  this  chapter. 


The  Cats 


Forty-seven  cats  were  used  In  these  es^erlments.  All  were  mongrels,  and  all 
were  estlsmted  to  be  between  one  and  four  years  of  age.  Forty-two  were  trained  In 
order  that  their  auditory  thresholds  could  be  measxxred  behavlorally.  Five  were 
not  trained!  these  were  used  only  for  hlstologlesLl  px>eparatlons .  Nine  of  the 
trained  eats  (Cats  No.  3,  4,  5,  13,  19.  20,  23,  24,  and  29)  were  used  In  prelimin¬ 
ary  experlsients  whose  procedures  differed  slightly  from  those  described  In  the 
present  paper.  The  details  of  the  preliminary  experiments  are  given  In  a  previous 
report  by  Miller  and  Associates.^ 

All  of  the  cats  were  In  excellent  general  health  duxdng  the  course  of  these 
experlsients.  This  was  largely  due  to  a  hl^  qu8^.1ty  diet  and  to  a  one-  to  two- 
month  period  of  Isolation  of  new  cats.  During  this  Isolation  period,  sickly  cats 
were  eliminated,  while  the  remainder  showed  the  beneficial  effects  of  the  labora¬ 
tory  diet.  Two  specific  selection  procedures  tended  to  eliminate  cats  with  hearing 
disorders!  (l)  those  oats  that  were  difficult  to  train  were  discarded,  and  post¬ 
mortem  examination  of  these  cats  often  revealed  a  middle  ear  Infection!  and  (2)  If 
an  Infected  ear  was  encountered  during  surgery,  see  below,  the  cat  was  eliminated 
from  the  colony. 

Aside  from  the  exceptions  noted  In  the  text,  only  monaural  cats  were  used  In 
the  behavioral  experiments.  These  oats  were  prepared  by  surgical  destruction  of 
the  left  cochleae,  and  each  operation  was  perforasd  under  sterile  conditions  while 
the  oat  was  deeply  anesthetized  with  sodlutai  pentobarbital.  Host  often  this 
operation  was  performed  on  a  oat  before  his  training  was  Initiated,  and  since  the 
operation  was  followed  by  a  severe  vestibular  upset.  It  was  necessary  to  wait 
several  weeks  after  the  operation  before  beginning  training  or  testing  procedures. 
Hlstologlcsa.  examination  of  the  operated  ears  showed  that  the  cochlea  haid  been 
completely  obliterated  In  all  but  two  oases.  The  upper  turns  of  Cat  20' s  left 
cochlea  could  be  Identified,  but  none  of  the  sensory  cells  appeared  to  be  in 
functional  condition.  In  the  case  of  Cat  71,  a  few  Inner  hair  cells  In  the  upper 
turns  appeared  to  be  healthy  and  possibly  functional. 

All  but  the  nine  oats  used  in  the  preliminary  experlawnts  were  treated  as  a 
pTf^hylaotlo  measure  for  four  to  seven  days  after  surgery  with  penicillin.  Similar 
pr^hylaotlo  treatment  with  a  dibydrostreptomoroin'^ienlolllln  sdxture  (Coafblotlc,  C. 


*  Interim  Report,  Contract  Mo.  AF  33(6l6)-3844,  26  Naroh  1958. 
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Pfizer  and  Company)  waz  a^van  to  tha  nlna  eata  uaad  In  tha  pralljninary  azparlzMnta. 
Bvan  though  dlhydroatraptoiiiyoln  OMy  produoa  oto^toxlo  affaets,  nona  wara  dataotad 
In  tha  praaant  azparlmantaf  that  la,  ttia  threshold  and  threshold-shift  data  of  the 
preliminary  axparlmants  are  In  close  agraemant  with  tha  remainder  of  tha  data. 


Apparatus 


A  doubla-gplll  cage  (figure  1}  was  used  for  the  training  and  testing  of  the 
cats.  In  its  Interior  dimensions  this  cage  was  33  inches  long,  l8  inches  wide,  and 
18  Inches  high.  A  hurdle,  5  inches  hiedi*  divided  the  cage  Into  two  compartments) 
each  was  16.5  inches  long.  The  floor  of  the  cage  was  a  grid  formed  of  lengths  of 
rectangular  brass  stock  (1/2  inch  by  1/4  Inch)  which  were  spaced,  center  to  center, 
at  1-lnch  Intervals.  The  top  and  two  sides  of  the  cage  were  grids  formed  by  brass 
rods  (l/4-lnch  diameter)  which  were  welded  to  the  grid  bars  of  the  floor.  Wooden 
frames  covered  with  hardware  cloth  were  used  as  doors  at  the  ends  of  the  cage.  The 
unit  was  mounted  on  an  iron  base  but  was  insulated  from  it  by  Lucite  runners. 

Luclte  stringers  along  the  top  of  the  cage  added  strength  to  the  construction.  The 
double-grill  cage  could  be  electrified  to  act  as  an  aversive  stimulus.  The  shock 
was  controlled  manually  by  means  of  a  pushbutton  and  by  means  of  a  rheostat  avail¬ 
able  for  Intensity  adjustment.  The  two  compartments  of  the  dotible-grlll  cage  were 
electrically  independent,  the  compartment  to  be  shocked  being  selected  from  the 
eiqperlmenter's  console. 


Fiouns  1.  The  Oeukla-Ortll  Cage  Usad  for  tiw  Tmiiang  ani  laatit^  of  tM  Cat* 


A  buzzer  was  mounted  on  each  of  the  doors  of  the  double-grill  cage.  These 
buzzers  generated  an  overall  SPL^  of  about  70  db  In  the  cage.  Also,  they  provided, 
via  the  grid  bars,  a  vibratory  stimulus  to  the  cat's  feet.  The  sound  of  the  buzzer 
served  as  a  secondary  aversive  stimulus  In  the  training  procedure  to  be  described. 


* 


Throughout  this  report  the  reference  level  of  2  x  10 
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mlcrobar  is  used. 
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For  the  hearing  tests  an  audlomter,  assembled  from  high  quality  electronic 
components,  was  used.  An  audlo-osclllator,  an  electronic  switch,  an  amplifier, 
attenuators,  and  matching  transformers  were  wired  Into  switch  panels  so  that 
circuits  could  be  selected  which  were  appropriate  to  the  hearing  level  of  the  cat 
and  the  desired  test  frequency.  The  loudspeakers,  the  acoustic  environment,  and 
the  calibration  of  the  sound-field  are  described  In  the  next  section  of  this 
chapter. 

The  auditory  stimulus  for  a  training  or  tasting  trail  consisted  of  either  a 
continuous  or  a  pulsed  tone  which  was  followed  by  the  sound  of  the  buzzers.  The 
durations  of  these  events  were  controlled  by  a  reliable,  multi-cam  timer.  A  trial 
could  be  Initiated  by  a  momentary  contact  and  It  could  be  terminated  at  any  time 
after  Its  onset.  The  exact  durations  of  the  auditory  stimuli  are  given  In  the 
descrlptl<»is  of  the  training  cmd  testing  procedures. 


Acoustic  Environment  and  Cs^.lbratlon  of  Audiometer 


For  the  threshold  tests  the  double-grill  cage  was  placed  on  a  table  In  a 
sound-insulated  chamber  of  room-wlthln-a-room  construction.  The  outer  room  had  a 
concrete  floor,  concrete-block  walls  of  8-inch  thickness,  and  a  celling  of  pre¬ 
formed  concrete  slabs.  This  room's  Interior  walls  and  celling  were  covered  with 
4-lnch  thick  blankets  of  Flberglas,  and  Its  floor  was  carpeted.  The  Inner  room  was 
an  audlometrlc  booth  (industrial  Acoustics  Company  Inc.,  Model  ^2)  whcse  interior 
dimensions  were  approximately  64  by  72  by  78  Inches.  The  walls  of  this  booth  were 
4  Inches  thick.  Between  the  control  room  and  the  Interior  of  the  audlometrlc  booth 
the  attenuation  was  estimated  to  be  about  80  db  for  the  mid-frequency  range.  One¬ 
way  observation  windows  allowed  the  e]q>erimenter  In  the  control  room  to  view  the 
Interior  of  the  aiidlometrlc  booth. 

Test  tones  were  generated  In  the  booth  (figure  2)  by  a  pair  of  10- Inch  loud¬ 
speakers  (Altec-Lanslng  Company,  Model  758a).  For  tests  at  32  kc  an  lonovac 
(Electro-Voice,  Inc.,  Model  T-3500)  was  used.  These  speakers  were  mounted  In  a 
cabinet)  the  center  of  the  cabinet  was  on  a  line  with  the  center  of  the  double¬ 
grill  cage  at  a  horizontal  distance  of  42.5  Inches  and  25.3  Inches  above  It.  Thus, 
the  speainrs  were  about  49.3  Inches  from  l^e  do\d>le-grill  cage. 
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TtM  audkloMtcr's  soviiid  flald  mm  oallbrmtMd  by  th«  folloMlng  proo*dur«.  Por  a 
apaolflad  voltaoa  aoroii  tha  loudapMlcars«  the  SPL  of  eaoh  of  the  teat  freauenolea 
MM  Maaured  at  5^  poaltlona  Mlthln  the  dotible-grlll  oage.  Theee  poaltlone  Mere 
unlfonOy  distributed  throughout  the  interior  of  the  oage.  ihe  sound-level  Meter 
oonsisted  of  a  oondenser  alorophone  (Bruel  end  KjMr.  ^pe  4111),  an  aaplifier 
(Bruel  and  Kjaer,  ^pe  26lo),  a  variable  filter  set  (Spenoar-Kennedy  Laboratories, 
Ino.,  Nodal  302),  and  a  vaouusHtUbe  voltMter  (Ballantlne  Laboratories,  Ine.,  Nodel 
300)*  The  oalibration  of  the  alorophone  supplied  by  Bruel  and  KjMr  Mas  used  for 
all  frequenoies  except  32  ko.  At  ^  ko  the  aierophone  mm  calibrated  by  the 
substitution  method  against  a  microphone  Mhose  sensitivity  at  32  ko  had  been 
determined  at  the  Biomedical  Laboratory,  6570  Aerospace  Medical  Research  Labora¬ 
tories,  Aerospace  Medical  Division,  Vri^t-Patterson  Air  Force  Base,  Ohio. 

The  variability  of  sound  levels  across  the  54  positions  of  the  microphone  is 
shown  in  table  z.  The  top  row  shows  the  frequenoies  of  the  test  tone.  The  entries 
in  the  next  three  rows  are  deviations  in  decibels  of  the  indicated  percentiles  fr<»i 
the  median.  The  iMt  row  of  table  l  shows  the  seml-lnterquartlle  ranges  of  these 
measurements.  Examination  of  table  I  shows  that,  while  the  rangce  of  levels  was 
Isurge,  for  most  frequenoies  50  percent  of  the  ^sitlons  fell  within  +  3  db  of  the 
mdian  position.  " 


TABIE  I 

SPATIAL  VARIABILITY  OF  THE  AUDIOMETER'S  SOUND  FIEU)  AT  FIFTY-FOUR 
P0SITI(»rS  WITHIN  THE  D0UBLE-<SIILL  CAOE 

Top  row  shows  frsquenolss  of  tast  tons,  ftitrlss  In  nsxt  thrss  rows  are  dsvlstions  in  db  of  indlostsd 
peresntilss  from  asdlsn.  Last  row  shows  ssml-lntanjusrtlle  rsi«a. 


Frequency  in  Kilocycles/Second 


Percentiles 

0.125 

0.25 

0.5 

1.0 

2.0 

4.0 

8.0 

16.0 

32.0 

100th 

4.7 

6.5 

6.0 

5.0 

9.5 

8.0 

5.5 

7.7 

6.0 

75th 

1.7 

1.5 

2.5 

1.5 

5.5 

4.0 

2.0 

1.7 

1.0 

25th 

-1.8 

-1.5 

-3.5 

-3.5 

-5.0 

-5.5 

-2.5 

—4.3 

-3.0 

0th 

-4.3 

-5.5 

-12.0 

-12.5 

-25.5 

-23.5 

-17.0 

-18.3 

—8.0 

1.75 

1.5 

3.0 

2.5 

5.25 

4.75 

2.25 

3.0 

2.0 

The  contribution  of  variability  of  the  sound  field  to  variability  of  the 
threshold  shift  measures  was  attentiated  by  two  factst  (l)  each  cat  developed  a 
fairly  stereotyped  behavior  pattern  within  the  double-grill  csige,  and-,  thus, 
limited  the  spatial  variability  of  the  sound  field  to  a  smaller  range!  and  (2)  each 
measurement  included  several  determinations  of  the  threshold.  We  believe  that 
averaging  procedures  Inherent  in  these  measurements  reduced  the  error  due  to 
spatial  fluctuations  in  the  sound  field. 

For  calculation  of  the  absolute  values  of  the  thresholds,  it  was  decided  to 
use  the  median  SPL  for  each  test  frequency.  While  it  is  true  that  the  median  may 
not  have  been  the  best  measure  of  the  sound  field  for  a  particular  cat,  it  was 
assumed  that  the  typical  cat  would  be  sampling  the  typical  value  of  the  sound  field. 

During  the  noiml  use  of  the  audiometer  the  intensity  of  the  signal  was 
attenuated  after  an  amplifier  in  the  circuit  and  in  this  way  the  signal-toHioise 
ratio  at  the  loudspeaker  was  maintained.  For  a  "high-power”  arrangement  of  the 
audiometer,  the  signal  was  attenuated  prior  to  amplification,  and  the  output  of  the 
ang>lifler  was  placed  directly  across  the  loudspeakers.  Table  II  shows  the  median 
level  of  the  sound  field  at  the  maximum  output  of  the  audiometer  for  both  the 
normal  and  the  high-power  (Hlgh-P)  arrangements  of  the  circuit.  Also  shown  in 
Table  II  are  the  maximum  threshold  shifts  that  could  be  measured  for  an  average, 
normal  cat  with  either  the  normal  or  hlg^i-power  circuits. 
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TABLE  II 


MEDIAN  SPL  AT  MAXIMUM  OUTPUT  FOR  TWO  ARRANaSMENTS  OF  THE  AUDI(»IETER  CIRCUIT 

Also  shown  ars  tlie  naxlmuni  throshold  shirts  that  an  naasurable  for  an  avarags  normal  oat  with  tha 
two  elrc\ilt  arrangamants.  Saa  taxt  for  axplanatlon. 


Frequency  In  Kllocycles/Second 

0.125 

0.25 

0.5 

1.0 

2.0 

4.0 

8.0 

16.0 

32.0 

Normal  SPL 

77.1 

73.9 

76.9 

78.4 

71.9 

66.7 

62.9 

52.5 

79.5 

TS 

48.6 

58.9 

72.9 

88.4 

88.4 

79.7 

80.4 

63.0 

73.0 

Hlgh-P  SPL 

101.6 

100.9 

102.4 

103.9 

97.9 

91.9 

86.9 

76.0 

— 

73.1 

85.9 

98.4 

113.9 

114.4 

104.7 

104.4 

86.5 

— 

Training  Procedure 


A  standard  training  procedure  Mhlcn  evolved  In  the  course  of  these  experiments 
Is  described  below. 

Stage  1.  Esci^-f root-shock  training.  Five  to  twenty  trials  of  escape-front- 
shock  training  were  given  before  the  avoidance  procedure  was  Initiated.  Only  five 
trials  were  given  In  a  session^  and  a  three-minute  Inter-trlal  Interval  was  used. 

On  each  trial  the  shock  wm  gr^ually  increased  from  an  Initial  low  level  until  the 
cat  crossed  the  hvirdle.  (Mean  time  for  stage  1,  15  minutes)  mean  number  of  trials, 
5«) 


Stage  2.  Avoidance  training.  The  avoidance  stimulus  was  a  2-kc  tone  presented 
at  an  SPL  of  about  6o  db  for  1.5  to  2  seconds.  If  the  cat  did  not  made  the  desired 
response  during  this  period,  then  contiguous  with  the  cessation  of  the  tone  was  the 
onset  of  a  buzzer  whose  duration  was  1  second.  Also,  If  the  cat  failed  to  cross  the 
hurdle  before  the  onset  of  the  buzzer,  electric  shocks  were  applied  Intermittently 
until  the  escape  response  had  occurred,  on  the  other  hand.  If  after  the  onset  of 
the  tone  the  oat  crossed  the  hurdle  before  the  onset  of  the  buzzer,  the  tone  was 
Immediately  terminated  and  both  shock  and  buzzer  were  avoided.  Thus,  each  training 
trial  terminated  with  the  response  of  crossing  the  hurdle.  For  this  training  the 
Inter-trlal  interval  was  2  sdnutes,  and  no  more  than  ten  trials  were  given  In  a 
session.  (Mean  time  for  stage  2,  2-1/2  hours)  swan  number  of  trails,  75.) 

Stage  3*  Oenerallzatlon  training.  After  a  oat  reached  a  level  of  approxlp* 
mately  85  percent  avoidance  responding  In  stage  2,  stage  3  mss  Initiated.  In  this 
stage,  by  gradually  shifting  to  frequencies  above  and  below  2  ko,  the  oat  was 
trained  to  respond  at  all  frequencies  that  were  to  be  used  In  the  threshold  tests. 
Also,  the  Inter-trlal  Interval  was  changed  to  a  random  schedule.  These  intervals 
rangM  from  15  to  90  seconds,  and  the  mean  Interval  was  45  seconds,  (naan  time  for 
stage  3  Is  1  hour)  mean  nuatoer  of  trials  is  8o.) 

Stage  4a.  Training  In  threshold  procedure.  A  threshold  procedure  was  Intro¬ 
duced  and  used  nearly  as  described  below.  Often  It  was  necessary  to  give  extra 
trials  at  sosw  Intansltlas  to  train  the  desired  behavior  of  responding  to  weak 
tones.  (Mean  time  for  stags  4a  Is  6  hours.) 
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stag*  4b.  Stabilization  of  perforaanoe.  Bvwn  after  the  eat  had  learned  to 
respond  to  weak  tones,  additional  praotlo*  in  the  threshold  procedure  was  required 
in  order  to  stabilize  the  perfonsano*.  (dean  tlae  for  stage  4b  is  9  hours.)  The 
total  time  to  train  an  average  oat  was  19  hours. 


nu^shold  Proeeduns 


For  the  threshold  tests  the  avoidance  procedure  was  continued.  The  paran- 
eters,  however,  were  varied  as  described  below. 

The  auditory  stimulus  consisted  of  a  sequence  of  five  tonal  pulses.  Each  pulse 
was  1  second  in  duration}  the  silent  Interval  between  successive  pulses  was  0.3 
second.  The  rise-fall  time  of  a  pulse  was  o.l  second.  The  buzzer  was  somded  for 
1  second  at  the  termination  of  the  fifth  tonal  pulse. 

In  the  determination  of  a  threshold,  a  trial  could  terminate  in  three  ways: 

(l)  the  cat  crossed  the  hurdle  before  the  buzzer  sounded}  (2)  the  oat  failed  to 
respond  before  the  buzzer,  but  did  cross  the  hurdle  after  the  onset  of  the  buzzer 
(sometimes  with  the  additional  goad  of  shocks)}  or  (3)  the  cat  failed  to  cross  the 
hurdle.  Throughout  the  text  only  crossings  of  the  hurdle  during  the  Interval 
between  the  onset  of  the  tone  and  the  onset  of  the  buzzer  were  considered  successful 
avoidance  responses)  all  other  possibilities  were  referred  to  as  failures  to  respond 
(to  the  tone). 

The  decision  to  shock  an  animal  for  failure  to  respond  was  based  on  the 
animal's  previous  behavior.  A  cat  was  almost  always  shocked  for  failures  to  respond 
when  the  intensity  of  the  tone  was  well  above  the  previous  value  of  his  threshold. 

At  lower  levels  of  the  tone,  the  ejqserlmenter  shocked  the  animal  for  failures  only 
when  it  appeared  that  the  cat's  performance  was  faltering  in  the  direction  of  no 
responding.  When  shock  was  given  for  failure  to  respond  to  the  tone  at  a  level  near 
threshold,  the  shock  was  usually  mild.  It  is  important  to  remember  that  the  buzzer 
sounded  after  every  failure  to  respond. 

The  three  psychophysical  methods  that  were  used  are  illustrated  by  the  sample 
records  (figure  3).  Decibels  of  attenuation  re  an  arbitrary  level  are  shown  on  the 
left-hand  side  of  each  sample  record.  The  entry  in  the  record  of  a  plus  Indicates 
a  successful  avoidance  response;  a  minus  indicates  a  failure  to  respond. 

The  schedules  of  inter-trial  inteirvals  (ITI)  that  were  tried  with  these 
methods  are  Indicated  at  the  bottom  of  the  figure.  In  each  case  the  ITI  was  varied 
randomly  within  the  indicated  limits.  The  lowest  line  shows  the  mean  time  required 
for  a  single  determination  of  a  threshold.  The  several  conditions  for  the  inter- 
trial  Intervals  shown  for  each  method  reflect  our  discovery  that  satisfactory 
results  could  be  obtained  with  shorter  Intervals  than  we  originally  believed. 

First  consider  Method  I.  Initially,  an  approximate  threshold  was  determined 
using  a  descending  series  with  a  step  Interval  of  2o  db.  This  series  is  shown  by 
the  pluses  and  the  minus  in  the  left-hand  column  of  the  example  under  Method  I. 

About  20  db  above  the  estimated  threshold,  a  second  descending  series  was  begun. 

This  descending  series  had  a  step  interval  of  3  db  and  it  was  continued  until  two 
successive  failures  were  recorded.  An  ascending  series  was  begun  at  the  level  of 
the  last  failure  and  continued  until  two  successive  pluses  were  recorded. 

The  descending  threshold  was  defined  as  the  level  one-half  way  between  the 
level  at  which  the  last  avoidance  response  had  occurred  and  the  level  at  which  the 
first  of  the  two  successive  failures  had  occurred.  The  ascending  threshold  was 
defined  in  an  analogous  manner.  The  threshold  recorded  for  the  measurement  was  the 
average  of  the  ascending  and  descending  thresholds.  This  scoring  procedure  is 
indicated  in  figure  3. 
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It  was  noticed  that  the  approximate  threshold  determined  as  the  first  step  In 
Method  I  was  usually  very  close  to  the  threshold  arrived  at  by  the  full  procedure. 
This  fact  suggested  Method  II  which  Is  also  Illustrated  In  figure  3.  Method  II  Is  a 
simple  descending  series  with  a  step  Interval  of  2o  db.  in  addition,  after  a 
failure  to  respond  had  occurred,  the  Intensity  of  the  tone  was  raised  10  db  and 
another  trial  was  run.  The  threshold  was  taken  as  the  level  one-half  way  between 
the  lowest  plus  and  the  highest  minus. 

Methods  Ilia  and  III  were  complications  of  Method  II.  They  started  as  a 
descending  series  with  a  step  Interval  of  20  db.  However,  after  the  first  failure 
was  encountered,  a  bracketing  procedure  was  Introduced. 

A  sample  record  sheet  for  Methods  Ilia  and  III-ls  shown  In  figure  3  and  a 
detailed  description  of  these  methods  Is  as'  follows t 

(1)  On  the  first  trial  the  tone  was  presented  4o  to  6o  db  above  threshold. 

(2)  After  a  plus-trial,  the  intensity  of  the  tone  was  decreased  20  db. 

(3)  After  a  ndnus- trial  that  was  Immediately  preceded  by  a  plus- trial,  the 
Intensity  of  the  tone  was  Increased  10  db. 

(4)  After  a  minus-trial  that  was  ImBmdiately  preceded  by  a  minus-trial,  the 
Intensity  of  the  tone  was  Increased  by  20  db. 

(5)  An  approximate  threshold  was  calculated  when  the  following  three  con¬ 
ditions  were  nett  (a)  pluses  wore  recorded  at  two  intensities  separated  by  10  db, 
(b)  minuses  wore  recorded  at  two  Intensities  separated  by  10  db,  and  (o)  trials  had 
been  run  at  all  lO-db  steps  between  the  pair  of  adjacent  pluses  and  Uie  pair  of 
adjaoent  minuses. 

These  five  steps  constituted  Method  Ilia.  Por  Method  111,  the  following  additional 
steps  weze^  inoludedt 
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(6)  Three  additional  trials  were  uaed  to  ooiqplete  the  iseasuremsnt  ae  followst 
(a)  Tone-pltis-artlf aots^mdHiolse .  This  was  a  trial  given  with  the  level  of  tone 
at  the  approklibaU  Cnlw^h6id.  If  ohe  eat  responded  at  this  level,  2.5  db  of 
attenuation  was  added  to  the  approzloate  threshold,  and  if  he  failed  to  respond  2.5 
db  was  subtracted,  (b)  Artlfaots-plus-nolse.  nils  trial  was  run  exactly  as  trial 
(a)f  however,  a  resistor  Was  (buosciuibe^  ror  the  audlo«osolllator.  (e)  Noise  saone. 
With  the  equipment  set  as  described  for  (a),  an  Interval  equal  to  the  duf&Cloh  bf 
the  tone  was  timed  with  a  stop-watch  and  the  occurrence  or  non-occurrence  of  a 
response  was  noted.  The  order  of  the  trials  described  under  (a),  (b),  and  (c)  was 
randomized.  While  the  trials  described  under  (b)  and  (c)  did  not  enter  Into  the 
calculation  of  the  threshold,  a  sufficient  nuiSber  of  such  trials  provided  the 
following  additional  Information!  (l)  the  false-alarm  rate  at  threshold)  and  (2) 
the  response  rate  In  the  presence  of  possible  artifacts. 

(7)  Occasionally  thresholds  were  obtained  which  deviated  widely  from  the 
previous  result  on  the  same  oat.  To  reduce  the  probability  of  such  a  measure 
Influencing  the  data,  any  threshold  idiich  deviated  by  more  ttum  20  db  from  the 
previous  result  was  rejected.  In  this  case  the  measurement  was  Immediately 
repeated)  this  second  meastorement  was  always  accepted. 


Experimental  Comparison  of  Audlometrlc  Methods  I,  II,  and  Ilia 


A  series  of  observations  was  made  to  compare  Methods  I,  II,  and  Ilia.  For  this 
comparison  the  mean  inter- trial-interval  was  %.5  seconds  for  all  methods.  All 
measures  were  accepted.  Method  Ilia  wsus  used  as  described  in  steps  1  to  5  above. 

For  this  procedure  two  test  sessions  were  run  using  each  method  for  each  of  17  cats. 
A  test  session  consisted  of  threshold  measurements  at  each  of  the  frequencies  at  the 
nine  one-octave  steps  from  0.125  kc  to  32  kc.  The  order  of  test  frequencies  was 
randomized  within  each  test  session. 

As  shown  (figure  4),  the  mean  thresholds  obtained  by  these  three  methods 
differed  by  leas  than  one  decibel.  Since  all  three  methods  gave  the  same  absolute 
values  for  the  thresholds,  they  could  only  be  distinguished  on  the  basis  of 
reliability,  time,  and  suitability  for  long-term  testing  of  the  cats.  A  comparison 
of  the  methods  with  respect  to  reliability  and  time  Is  shown  In  figure  5.  The 
ordinates  are  measures  of  wlthln-subject  variability,  while  the  abscissas  are  the 
times  required  to  obtain  the  data.  For  each  method  the  points  from  left  to  right 
are  the  estimated  standard  errors  of  Uie  means  based  on  1,  2,  ..,6  observations, 
respectively.  These  standard  errors  were  estimated  using  the  data  for  all 
frequencies.  It  can  be  seen  that  for  a  given  level  of  reliability  Method  I  requires 
fewer  threshold  determinations  but  more  time  than  Methods  ll  or  Ilia. 

Indeed,  since  Method  II  gave  the  greatest  reliability  for  the  least  expenditure 
of  time  It  would  appear  to  be  the  method  of  choice.  Method  III  was  finally 
selected,  however,  because  It  provided  more  opportunities  than  Method  II  for 
animals  to  respond  to  the  very  weak  tones,  and,  thus.  It  was  thought  to  be  more 
suitable  for  the  long-term  testing  of  the  cats. 

The  schedule  of  Inter- trial  Intervals  was  shortened  to  a  meem  value  of  28.5 
seconds  with  a  range  of  15  to  50  seconds.  In  this  form  Method  III  required  about 
5  minutes  per  threshold.  While  the  variability  of  thresholds  collected  using 
Method  III  In  Its  complete  form  Is  given  In  detail  in  Chapter  III,  It  may  be 
mentioned  that  Method  III  In  Its  final  form  was  more  reliable  and  faster  than 
Methods  I,  II,  or  Ilia)  the  standard  error  of  a  single  measurement  being  about 
6.15  db. 
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10 


) 


III.  NINIMJM  AUDIBLE  FIELD  OP  CAT 


I 


I 


IntJKxluctlon 


Behavioral  measurements  of  the  cat's  audibility  curve  have  been  more  extensive 
than  those  for  any  other  sub-human  species.  Dworkln  and  Associates  (ref.  9) 
published  the  first  extensive  set  of  data  on  the  cat's  audibility  cxirve.  These 
authors,  however,  did  not  calibrate  their  sound  field  by  direct  measurement. 

Kryter  and  Ades  (ref.  19 )  published  thresholds  at  three  frequencies  for  which  the 
sound  field  had  been  calibrated.  Neff  and  Hind  (ref.  25)  published  an  audibility 
curvd  for  the  cat  based  on  direct  calibration  of  the  sound  field  for  frequencies  at 
and  below  16  kc.  These  authors  also  showed  that  the  cat  could  hear  at  frequencies 
as  high  as  6o  kc.  Recently,  McQlll  (ref.  23),  Elliott,  Stein,  and  Harrison  (ref. 
15),  and  Miller  and  Associates^  have  e^.so  measured  audibility  curves  for  the  cat 
In  calibrated  sound  fields. 

During  the  course  of  the  present  experiments  audibility  curves  were  obtained 
under  standard  conditions  for  each  of  thirty-four  highly  trained  cats.  These  cats 
were  tested  using  Method  III,  which  Is  described  in  the  previous  chapter.  The 
test  frequencies  were  the  nine  one-octave  steps  from  125  to  32000  cps.  A  cat  was 
tested  at  all  nine  frequencies  In  each  of  five  sessions,  emd  the  order  of  frequen¬ 
cies  was  randomized  within  each  sesslcm.  At  each  test  frequency  a  cat's  threshold 
was  defined  as  the  mean  of  the  five  measurements.  These  means  served  as  the  basis 
for  the  calculation  of  threshold  shifts  In  the  deafness  experiments,  and  they  are 
presented  In  this  chapter  as  a  contribution  to  our  knowledge  of  the  cat's  auditory 
sensitivity. 


Variability  of  Thresholds 


Figure  6  shows  the  variability  among  oats.  At  most  frequencies  50  percent  of 
the  cats  fall  within  +  3.5  db  of  the  median  cat;  furthermore,  almost  all  of  the 
data  are  Included  wltFln  15  of  the  median.  Only  cat  84  consistently  deviated 
from  the  median  by  more  tHan  20  db.  'nils  cat  was  dropped  from  the  experiments, 
and  a  post-mortem  examination  showed  that  cerumen  was  Impacted  In  the  ear  canal  In 
the  region  of  the  drum.  The  overall  agreement  eunong  the  cats  becomes  even  more 
striking  when  the  spatial  variability  of  the  sound  field  Is  recalled,  see  table  I. 
Certainly  some  of  the  variability  among  cats  can  be  accounted  for  by  the  variability 
In  the  sound  field. 

The  wlthln-cat  variability  was  estimated  using  all  data,  both  pre-  and  post¬ 
exposure,  collected  In  these  experiments.  For  this  purpose  approximately  627 
threshold  measurements  (I9  thresholds  for  each  of  33  cats)  were  available  for  each 
of  the  nine  frequencies.  Figure  7  shows  the  relation  between  the  estimated 
population  standard  deviation  {(Tr)  frequency  of  test  tone.  This  standard 
deviation  Increases  about  0.33  db  for  every  octave  Increase  In  frequency.  For 
practical  purposes,  however,  one  estimate  of  the  Intra-cat  variance  was  used  for 
frequencies  at  and  below  l.o  kc  and  another  was  used  for  frequencies  at  and  above 
2.0  kc.  The  square  roots  of  the  average  values  of  were  5.24  and  6.80  for  the 
low  and  hl^  frequencies,  respectively.  To  estimate  ^the  reliability  of  a  mean, 
that  Is,  Its  standard  error  for  the  particular  sample  of  cats  (^^),  the  formula  Is 


R  = 


n 


(Nn) 


T7? 


*  Interim  Report 


11 


where  N  le  the  number  of  cats,  and  n  Is  the  number  of  threshold  determinations  per 
cat.  ~^he  number  obtained  by  this  ^Iculatlon  Is  probably  an  underestimate  of  the 
true  since  each  estimate  of  this  measiore  of  reliability  Is  based  on  the  vari¬ 
ability  of  the  threshold  over  a  period  of  3  or  5  successive  days.  The  v£u:*labllltj 
for  measures  separated  by  longer  periods,  say  several  days,  weeks,  or  months.  Is 
ubdoubtedly  greater.  This  means  that  If  a  cat's  threshold  were  measured  at  1.0  kc 
on  5  successive  days  cmd  these  tests  were  repeated  one  month  later,  a  test  for  the 
significance  of  the  difference  between  the  means  of  each  group  of  5  measures  would 
be  biased  toward  a  significant  result.  This  bias  Is  noted  here,  since  this  type  of 
statistical  test  Is  used  In  later  chapters  of  this  report. 

TEST-TONE  FREQUENCY  IN  KC/SEC 


n<nit  6.  variability  BetMM  Cats  in  ItMlr  Quiet  Abaelute  fhrMhelda  ROME  7>  Intra-Cat  Reliability  for  the  bine  PreauMMlaa  of  the  Teat  fam 


IfM  frequeney  of  the  teot  tone  1#  shown  along  the  top  of  the  fl0M*o* 
an4  the  bevlation  of  the  iiuiloatM  pereeatlle  fren  the  Mician  is  shown 
on  the  aals  of  ordinates.  Cat  64  was  not  used  in  the  trauaa  esperi- 


At  eaoh  frequMtoy,  eaoh  oat's  warlanee  was  ealeulatod.  iDo  ■■■■■■  of 
reliability  shown  on  the  aals  of  erdinates  is  the  square  root  af  tbo 
naan  of  the  sstlMtod  population  warleneos  of  all  eats  used  la  tiiaao 
caperlaants. 


Palse-Alarm  Rates  and  Artifacts 


Recent  Investigations  have  demonstrated  the  Important  Influence  of  procedural 
variables  on  detection  behavior  (see,  for  example,  Swets,  ref.  34).  In  addition, 
on  both  procedural  and  theoretical  levels  these  Investigations  have  suggested  that 
a  threshold  should  be  thought  of  as  equivalent  to  an  Index  of  sensitivity  and  that 
any  siddltlonal  connotation  Is  questionable.  The  hit  rate  (response  rate  to  tones) 
In  a  simple  yes-no  experiment  Is  dependent  on  the  false-alainn  rate  (rate  of 
spontaneous  responses)  as  described  by  sui  operating  characteristic.  Now,  even 
fhniigh  the  procedures  of  the  present  experiment  are  much  more  complicated  than  the 
simple  yes-no  experiment,  the  cat's  hit  rate  Is  undoubtedly  dependent  on  his  false- 
alarm  rate,  smd  thus,  his  threshold  values  will  be  dependent  In  some  complex  way  on 
his  false— alarm  rate.  Moreover,  It  Is  likely  that  an  animal's  false— alarm  rate  Is 
more  closely  related  to  the  Immediate  experimental  context  than  Is  the  false-alarm 
rate  of  the  hvmmn  listener.  For,  while  the  animal's  behavior  Is  oriented  to  the 
avoidance  of  shock,  the  human  listener's  behavior  Is  visually  oriented  by  the  verbal 
concept  of  "hearing"  given  In  the  instructions.  Thus,  It  may  be  more  Important  to 
control  and  describe  the  hit-  and  false-alarm  rates  In  the  case  of  sub-human 
listeners  "than  It  Is  In  the  case  of  human  listeners. 
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When  the  hit-  and  false-alarm  ratee  are  specified  at  threshold  values  of  the 
signal.  In  a  sense,  the  cat's  criterion  Is  described.  The  procedures  of  the  present 
experiment  (see  Method  III,  step  6  In  Chapter  II )  represent  a  move  in  the  direction 
of  better  control  and  description  of  these  response  rates,  and  In  this  spirit  the 
following  data  were  collected,  ^e  proportlMi  of  responses  to  tones  presented  at 
the  approximate  threshold  was  O.wS.  ^e  proportion  of  responses  to  possible 
artifacts  was  0.038.  And,  the  proportlcn  of  responses  m  noise-alone  trials  was 
0.044.  Each  of  these  proportions  was  based  on  1530  trials. 

Under  Ue  assumption  that  these  data  could  be  treated  as  describing  a  point  on 
an  operating  characteristic,  the  threshold  levels  given  In  this  paper  can  be 
Interpreted  as  levels  which  have  a  detectability  Index,  dg,  of  about  1.7.  A  clear 
explanation  and  definition  of  this  Index  Is  given  by  Egan,  Greenberg,  and  Sohulman 
(ref.  lo).  The  advantage  of  describing  the  threshold  value  In  terms  of  a  constant 
detectability  Index  Is  that  this  number  may  be  relatively  Independent  of  procedural 
variations . 

Since  the  cats  in  our  experiments  could  detect  a  tone  generated  by  a  10-mlcro- 
volt  potential  across  the  loudspeakers'  voice  colls,  the  possibility  of  eu'tlfacts 
of  slmllsu*  magnitude  could  not  be  Ignored.  Although  artifacts  were  not  audible  to 
human  listeners.  It  was  still  possible  that  the  cat  could  hear  them.  The  control 
apparatus  for  our  audiometer,  in  fact,  did  produce  clicks  of  very  small  magnitude 
In  the  audio  circuits,  suid  while  these  clicks  could  be  observed  on  an  oscilloscope, 
we  were  not  able  to  measure  them.  In  ^nersQ.,  It  should  be  remembered  that  arti¬ 
facts  are  always  associated  with  a  tone  presentation  and  that  their  elimination  Is 
a  matter  of  degree,  in  relation  to  this  problem  the  closeness  of  the  response  rate 
to  artifacts  to  the  rate  for  noise  alone  was  an  Important  finding,  since  It  proved 
that  the  cats  did  not  respond  to  artifacts,  when  these  artifacts  were  presented 
In  isolation.  Also,  the  audibility  cvtrves  show  that  artifacts  did  not  control  the 
cat's  response.  Our  experiments,  however,  do  not  eliminate  the  possibility  that 
under  some  conditions  artifacts  could  serve  the  function  of  a  ready  slgml. 


The  Audibility  Curves 


The  results  of  all  Investigations  of  the  cat's  auditory  thresholds  that  have 
been  done  In  calibrated  sound  fields  are  shown  In  figure  8.  In  each  case  the 
plotted  points  are  the  medians  of  the  values  given  by  the  original  authors.  Two 
sets  of  data  are  new.  The  filled  circles  at  the  nine  one-octave  steps  from  125  to 
32000  ops  £U7e  the  median  thresholds  of  the  present  group  of  thirty-four  cats.  The 
filled  squares  at  350,  700,  and  l4oo  cps  are  median  thresholds  based  on  tests  of 
eight  of  the  thirty-four  cats. 

Examination  of  figure  8  shows  that  the  resiilts  of  the  present  study  are  In 
good  agreement  with  the  results  from  other  laboratories.  This  agreement  cannot  be 
ascribed  to  bias  Introduced  by  the  testers,  for  the  threshold  determinations  were 
made  In  terms  of  attenuation;  the  associated  SPL  values  were  not  known  to  the 
testers. 

Differences  among  the  several  experiments  do  not  seem  to  be  consistently 
related  to  the  type  of  apparatus  or  to  the  type  of  reinforcement.  Similarly  the 
type  of  animal  preparation,  binaural  or  monaural,  does  not  appear  to  differentiate 
these  functions.  Indeed,  when  the  many  possible  sources  of  error  are  considered, 
the  overall  agreement  among  the  several  studies  Is  quite  good. 

After  careful  study  of  the  several  sources  of  data,  the  threshold  values  were 
weighted  and  averaged.  Weights  were  assigned  on  the  basis  of  the  number  of  cats, 
the  adequacy  of  the  calibration,  and  on  an  estimate  of  the  quality  of  the  threshold 
tests.  The  values  of  the  weighted  averages  are  given  for  the  octave  steps  In  table 
3,  and  they  are  shown  graphically  In  figure  9.  Note  that  the  audibility  curve  Is 
smooth  and  orderly  except  for  the  notch  at  4  kc.  Since  this  notch  appeared  In  three 
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of  the  Investigations (  It  may  represent  a  true  effect.  Other  Irregularities  may  be 
present  at  some  of  the  Interpolated  points.  At  and  above  32  kc  the  calibrations 
are  uncertain  and  more  data  will  be  required  before  confidence  can  be  placed  In  the 
absolute  values.  Except  for  the  frequencies  above  32  kc,  nonetheless.  It  Is 
recomnended  that  the  values  given  In  table  3  and  figure  9  be  used  as  a  standard  for 
the  laboratory  cat.  By  comparing  new  values  to  the  standard,  an  experimenter  will 
be  able  to  evaluate  his  methods,  or  after  gaining  confidence  In  his  methods  he  will 
be  able  to  evaluate  the  hearing  level  of  his  cats.  These  values  should  also  prove 
useful  for  the  comPAZ'lson  of  the  cat's  audibility  curve  to  other  types  of  data. 


AvdleiUV  CiWM  of  Cat 


TZOURE  $.  AuAlblllty  Curves  far  Cat  and  Mn 


MdSMi  reealte  are  shsiei  fer  five  prerieui  Mte  ef  4ata  frea  eallbratM 
nelda  mti  Tor  tm  mm  sets  of  daU  (fillad  elrelea  and  a^uarea). 
The  valitts  ef  the  aadlan  tlireeiwlda  are  ahean  in  daalbala  re  O.OQOd 
dvnaa/e^ aleaa  tlta  aHa  of  erdlnatea,.  and  tlie  akaeiaaaa  are  fra^Mnelea 
ef  ttaa  teat  tenaa  ahean  In  kiXoeyelea/aeeend.  The  taaWtene  fraquaney 
la  almei  on  a  la^rlthale  aeale. 


The  audibility  ourve  for  oat  Is  a  "boat  eatlmta”  based  on  all  ef  the 
data  ahean  In  flfure  6.  The  audible  field  (wy)  ahean  for  nan 

la  a  ealeulatad  owe  preaasitad  by  Slviaii  and  White  (raf*  33}  for  bl» 
luuial  llatenlng  with  landeu  Ineldutee  ef  the  aewnd.  lha  ewvo  for 
ainluaa  audible  preaaure  (NAf)  ahean  far  aan  la  based  en  resent  data 
glvan  by  corse  (ref.  3)> 


TABLE  Ill 


NINIHUN  AUDIBLE  FIELD  PGR  CAT  IN  SPL 


0.o625 

0.125 

Frequency  In  Kllocycles/Second 

0.25  0.5  1.0  2.0  4.0 

8.0 

16.0 

32.0 

SPL  45.5 

28.5 

15.0  4.0  -10.0  -16.5  -13.0 

-17.5 

-10.5 

+6.5 

VsluM  given  In  the  teble  are  a  bast  eaUmate  based  on  all  publisbad  data. 
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Man's  audibility  curve  calculated  by  Slvlan  and  White  (ref.  33)  for  binaural 
listening  with  random  incidence  of  sovnd  Is  shown  In  figure  9  for  comparison  with 
the  cat's  threshold.  In  order  that  the  reader  can  conveniently  relate  the  field 
thresholds  to  pressure  thresholds,  tdilch  are  perhaps  more  familiar,  man's  minimum 
audible  pressure  (MAP)  Is  also  shown  In  figure  9.  This  MAP  function  Is  based  on 
data  given  by  Corso  (figure  1  In  ref.  3).  Examination  of  the  curves  for  minimum 
audible  field  (MAP)  shows  that  man  and  cat  have  nearly  identical  sensitivity  in 
the  frequency  region  from  62.5  to  500  cps.  Between  500  and  4000  cps  the  cat  Is 
more  sensitive  than  man  by  about  8  db.  Above  4  kc,  the  cat's  superiority  becomes 
more  marked,  for  while  the  upper  limit  of  hearing  for  man  is  about  20  kc,  the 
cat's  upper  limit  Is  at  least  60  kc.  In  evaluating  the  difference  between  cat  and 
man,  one  should  remember  than  on  figure  9  the  MAP  curve  for  man  is  for  his  most 
sensitive  listening  condition.  Therefore,  the  true  difference  between  cat  and  man 
is  probably  as  great  or  greater  than  Uie  difference  shown  here.  We  believe  that 
the  cat's  superior  sensitivity  at  frequencies  above  500  cps  is  clearly  established. 

It  seems  likely  that  the  differences  between  cat  and  man  will  be  partially 
explained  by  differences  in  the  acoustical  properties  of  the  external,  middle,  and 
inner  ears.  Only  after  these  biophysical  differences  are  quantitatively  under¬ 
stood  and  some  of  the  difference  between  cat  and  man  remains  unexplained,  will  it 
be  legitimate  to  consider  possible  differences  in  the  physiological  and  anatomical 
properties  of  the  hair  cells  and  nerves. 
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IV.  EXPOSURE  TO  THE  NOISE 


Noise  Field 


The  noise  field  for  the  deafness  experiments  was  generated  In  a  small, 
reverberant  room.  The  conqponents  of  the  noise  system  were  as  follows:  a  noise 
generator,  an  attenuator,  a  high-pass  filter  whose  cut-off  was  at  250  cps,  and  a 
50-watt,  hlgh-fldellty  ainpllfler.  Two  driver  units  (University  Loudspeakers,  Ino., 
T^e  SA-HP)  mounted  on  each  of  two  public  address  horns  (University  Loudspeakers, 
Inc.,  Type  LH)  served  as  the  transducers.  Figure  10  shows  the  experimental 
arrangement  for  the  exposure  of  the  cats  to  noise.  After  a  few  experiments,  hard¬ 
ware-cloth  cages  were  substituted  for  the  restraining  device  pictured  in  figure  10, 
because  we  feared  that  a  cat  would  pull  his  head  down  into  the  collar  and,  thus 
defend  his  ears  from  the  sound. 


I  «r  CBU  «0  tt* 


uxar  •  tm  ■amriwnf 

feared  tMt  •  m%  wmiU  tmlX  hU  I 

mi  a  reoTiim  mw*  Uml 


I,  mtmi  hl»  er" 

mi  UmU  *vlas  11 


trm  Che  eawd*  Tha 
•Mre*  to  toa  naiaa. 


The  Intensity  of  the  noise  field  ma  carefully  calibrated  In  the  region  of  the 
restraining  device.  A  General  Radio  Type  1551-A  sound-level  meter  was  used  for 
measurements  of  the  overall  level  of  the  noise.  A  spectral  analysis  "olse 

was  nade  with  the  same  Instruments  as  were  used  to  calibrate  the  sound  field  of  the 
audlwseter.  With  these  Instrusients  the  noise  was  analyzed  In  1/2  octave-bands. 


In  the  region  of  the  restraining  device,  the  maximum  undlstorted  output  of  the 
noise  system  was  117  db,  and  at  ten  surrounding  positions  the  levels  were  within 
+  0.25  db  of  this  value. 


The  spectrum  of  the  noise  Is  shown  by  the  solid  line  In  figure 
hand  ordinates  are  the  levels  for  bands  of  1-cps  width  ejqpressed  In 
overall  level,  and  the  right-hand  ordinates  are  the  spectrum  levels 
overall  SPL  of  the  broad-band  noise  la  115  db.  These  measures  were 


11.  The  left- 
decibels  re  the 
In  SPL  when  the 
calculated  from 
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■•v*rM  analyses  of  the  noise  oade  with  l/8-^tave  bands.  Figure  12  shows  the 
sane  data  as  the  solid  ourye  of  figure  11  plotted  as  ootave-band  levels.  These 
figures  show  that  the  spectrum  level  has  a  maximum  at  about  750  ops  and  that  it 
drops  off  slowly  on  either  side  of  this  value.  Notice  that  the  octave-band  levels 
are  about  equal  in  the  three  bands  centered  at  850,  1700,  and  3^  cps. 


FXOURB  11.  The  speetna  of  the  Iroad-aand  Melee  Used  in  the  Deafnaaa 
leper  iments 


OCTAVE  BAND  LEVELS 
FOR  DEAFNESS  EXPERIMENTS 
CALCULATED  FROM  ANALYSES 
WITH  i/fe- OCTAVE  BANDS 


-60*- 


106  212  425  850  1700  3400  6800 

CENTER  FREQUENCY  IN  CPS 


'55 


12. 


DO" —  ■ — ‘  Uvela  of  the  Broatf'Miwl  Molae  Used  In  the  DeaAieaa 
lapeoMaante 


speotrun  la  ahe«n  by  the  solid  11m.  The  dashed  IIM  showe  an  eatlaate 
of  the  speetrum  ef  a  ono-eetave  band  cf  low-frequenoy  iMlae  laead  Ui  the 
experlaanta  of  Chapter  Vlii.  The  left-hand  ordinates  are  tha  leeele  la 
banks  ef  1-ops  width  e^resaed  in  decibels  re  the  overall  level,  aad 
tha  right-hand  ordinates  are  tha  spectrum  levels  when  the  overall  SFL 
of  the  bread-bahd  noise  is  IIS  db. 


The  broad-band  noise  was  used  as  the  deafening  stimulus  In  all  experiments  but 
one.  This  exception  Is  clearly  noted  In  the  text.  An  estimate  of  the  spectrum  of 
the  low-frequency  noise  used  In  the  exceptional  experiment  is  shown  by  the  dashed 
line  of  figure  11.  This  dashed  line  is  discussed  In  Chapter  VIII. 


Procedure 


All  exposures  to  the  broad-band  noise  were  administered  as  described  here. 

(a  slightly  different  procedure  was  used  for  exposure  of  the  cats  to  a  low-frequency 
bemd  of  noise,  and  this  procedure  is  described  In  Chapter  VIII.)  The  cats  were 
placed  In  the  reverberant  room,  and  they  were  restrained  either  in  the  device  shown 
In  figure  10  or  In  Individual  hardware-cloth  cages.  In  this  manner  one  to  six  cats 
could  be  exposed  simultaneously.  It  should  be  noted  that  the  cats  were  not 
anesthetized  and  that  no  other  special  procedures  were  used  to  prepare  them  for  the 
exposure.  When  the  cats  were  settled  in  the  room,  the  noise  was  turned  on  slowly 
over  a  period  of  7  seconds;  at  the  completion  of  the  exposure.  It  was  turned  off 
over  the  ssune  period  of  time.  Throughout  an  exposure  the  noise  level  was  monitored 
by  a  microphone  and  it  was  registered  on  a  sound-level  recorder. 


Cat's  Behavior 


During  an  exposure  the  behavior  of  the  cats  was  observed  through  a  one-way 
glass.  There  were  no  dramatic  responses  to  the  noise.  At  the  onset  of  the  noise 
there  was  a  mild  Increase  in  activity.  Behaviors  such  as  circling  In  the  cage  or 
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OCTAVE  BAND  LEVEL 
( FOR  OVER- ALL  LEVEL  OF  115  DB) 


loud  yowling  were  noticed.  After  a  few  minutes  they  became  quieted,  either  sitting 
or  lying  down.  During  the  longer  exposures  of  2  hours  or  more,  many  of  the  cats 
appeared  to  go  to  sleep.  Of  those  that  appeeu?ed  to  bo  asleep,  some  were  aroused 
when  the  experimenter  turned  off  the  noise  and  entered  the  room.  Others  were  not 
aroused  until  the  experimenter  gently  shook  their  cages,  and  a  few  were  not 
aroused  until  they  were  touched.  It  may  be  that  these  cases  of  apparent  deep  sleep 
were  In  part  a  result  of  the  severe  deafness  present  at  the  time.  Anthony, 
Ackermeui,  and  Lloyd  (ref.  1)  have  described  the  behavior  of  mice,  rats,  and  guinea 
pigs  during  exposure  to  noise  at  about  the  l4o-db  level.  These  authors  found  a 
decrease  In  activity  d'orlng  this  Intense  exposure. 
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V.  TEMPORARY  THRESHOLD  SHIFTS 


on  teiqporary  threshold  shifts  (TTS's)  were  conducted  on  cats  for 
the  following  reasonst  (a)  since  in  the  case  of  man  the  general  characteristics  of 
nolse-lnduced  TTS  eu'e  well  established,  similar  Information  for  the  cat  could 
psravlde  one  basis  for  comparison  of  the  deafening  effects  of  noise  on  these  two 
speclesi  and  (b)  It  was  hoped  that  some  of  the  relations  between  temporeury  and 
perslstent-threshold  shifts  could  be  clarified  by  a  comparison  of  these  two  effects 
In  the  case  of  the  cat. 

Temporary  threshold  shifts  are  available  for  three  groups  of  cats  that  were 
exposed  to  similar  conditions.  Group  A,  composed  of  seven  cats,  and  Group  B, 
composed  of  four  cats,  were  exposed  to  the  noise  at  an  overall  SPL  of  105  db. 

Group  C,  composed  of  five  of  the  cats  used  In  the  prellmlnaury  experiments  (see 
Chapter  II ),  was  exposed  at  103  db.  For  these  three  groups  the  duration  of  the 
exposure  was  1/4  hour.  Unlike  all  other  cats  used  In  these  experiments,  the  cats 
of  Group  A  were  binaural. 

In  another  experiment  (see  Chapter  VII )  three  groups  of  four  cats  were  exposed 
to  the  noise  at  an  overall  SPL  of  115  db  for  1/8  hour.  One  of  these  groups  was 
tested  extensively,  and  their  results  are  reported  below. 

In  all  of  these  TTS  experiments,  the  order  of  test  frequencies  was  counter¬ 
balanced  for  the  post-exposure  tests,  while  prior  to  exposure  It  was  remdomlzed. 


TTS  Audiograms 


As  representative  of  the  effects  of  the  1/4-hour  exposure  at  105  db,  TTS 
audiograms  at  several  times  after  exposure  are  shown  for  Group  B  in  figure  13.  The 
TTS  audiograms  of  Groups  A  and  C,  not  shown,  were  In  close  agreement  with  those  of 
Group  B.  Figure  l4  shows  the  TTS  audiograms  resulting  from  the  1/8-hour  exposure 
to  the  115-db  level.  While  the  shapes  of  the  audiograms  shown  In  figure  14  are 
typical,  we  believe  that  the  absolute  values  of  the  shifts  are  atyploally  large. 
Taking  Into  account  all  of  the  data  for  this  condition,  we  believe  that  a  typical 
cat  would  have  TTS's  similar  to  those  Induced  by  the  105-db  exposure.  In  other 
words,  it  Is  our  opinion  that  the  1/8-hoxir  exposure  at  115  db  and  the  1/4-hour 
exposure  at  105  db  sire  nearly  equivalent  exposures  for  the  typical  cat. 

The  findings  shown  In  figures  13  and  l4  can  be  summarized  as  follows:  (1) 
sizable  TTS's  are  limited  to  the  frequency  region  between  2  and  l6  kcj  (2)  the 
maximum  TTS  was  measured  at  4  kcj  (3)  because  of  Its  Importance  for  the  comparison 
of  temporary  and  persistent  threshold  shifts,  the  relation  between  TTS  at  2  and  8 
kc  should  be  noted;  TTS  was  greater  at  8  kc  than  at  2  kc  for  14  of  the  16  cats  for 
which  this  comparison  could  be  made;  (4)  since  no  TTS  was  measured  at  some 
frequencies.  It  can  be  inferred  that  the  measured  threshold  shifts  were  not  due  to 
a  general  disruption  of  the  oats'  behavior  in  the  threshold  task;  and  (5)  recovery 
from  TTS  Is  orderly  emd  complete,  and  It  Is  discussed  In  more  detail  below. 

The  above  results  confirm  and  extend  the  earlier  findings  of  Lindquist,  Neff, 
and  Sohuknecht  (ref.  20).  Using  a  noise  like  that  of  the  present  experiments, 
these  authors  exposed  cats  at  an  overall  level  of  107  db  for  durations  of  1/4,  1/2, 
or  1  hour.  As  In  the  present  experiments,  large  values  of  TTS  were  found,  and  the 
maximum  shift  was  at  4  kc. 
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FREQUENCY  IN  KILOCYCLES 


MOtM  13«  tv^erarjr  1lMahol4  Shift*  After  tipumri  t«  the  ItolM  At  an 
OMTAII  sn.  of  lOS  *  fpr  l/%-«Mur 

fho  poiAAtCor  la  tha  tlM  After  aoIao  la  hew*. 


FREQUENCY  IN  KILOCYCLES 


nflUM  It.  Ta*»erAry  Ttiroaheid  Shift*  Ut*r  tapeaw*  to  to*  Nela*  at  an 
overall  SfL  of  115  db  for  1/8  how 

Iho  aarAAotor  la  to*  tla*  after  nolao  la  hour*. 


Recovery  from  TTS 


Ward  and  Aseoclatea  (refs.  37-39)  have  shovm  for  man  that  recovery  from  TTS  at 
4  icc  follows  a  logarithmic  course  for  a  wide  range  of  conditions.  Specifically, 
this  logarithmic  course  Is  expected  when  (a)  the  time  after  exposure  exceeds  2 
minutes,  and  (b)  the  TTS  at  2  minutes  after  exposure  (TTS2)  Is  less  than  about  4o 
db.  When  TTS2  Is  greater  than  about  to  db  the  recovery  follows  a  quite  different 
course,  ward  (ref.  36)  and  Miller  and  Associates have  described  the  recovery 
from  these  high  values  of  TTS  for  man  and  cat,  respectively,  and  their  results  are 
shown  In  figure  15.  The  dashed  ciu've  shows  the  course  of  recovery  for  two  of  the 
human  subjects  (ref.  36,  figure  1,  Subjects  HH  and  MB).  To  produce  TTSo  of  4o  to 
50  db,  one  of  these  human  subjects  was  exposed  for  about  36  minutes,  while  the 
other  required  about  132  minutes}  for  both  listeners  the  noise  was  the  octave  band 
from  1200-2400  cps.  The  symbols  are  means  for  the  several  groups  of  cats  that  were 
described  earlier  In  this  chapter.  It  Is  apparent  that  the  course  of  recovery  from 
these  hlt^  vaULues  of  TTS  Is  nearly  Identical  for  cat  and  man.  Note  that.  In  terms 
of  log  time,  the  recovery  Is  Initially  very  slow  and  that  It  gradually  Increases 
In  rate.  As  Ward  (ref.  36)  points  out,  the  recovery  from  high  values  of  TTS  can  be 
described  as  a  linear  function  of  tlaie  when  the  time  after  exposure  exceeds  1  to  2 
hours.  During  this  latter  period  the  rate  of  decline  of  TTS  Is  about  -0.8  db/hovir. 


Comparison  of  TTS  for  Cat  and  Man 


When  man  Is  exposed  to  a  broad-band  of  thermal  noise,  it  Is  genersU.ly  true 
that  TTS  Is  greater  for  hlg^  than  for  low  frequencies  and  that  TTS  often  has  a 
maxlmimi  of  about  4  kc.  The  data  reported  here  show  that  similar  fea'tures  are  found 
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demon»tr»t«d,  in  addition*  that  the  oourae  of  raoovary 
from  Idgh  vdluas  of  TTS  la  tha  aaaa  tor  both  oat  and  aan.  Tharafore*  It  la 
probably  trua  that  tha  qualltatlva  oharaotarlatloa  of  TTS  and  Ita  undarlylng 
prooaaaaa  ara  tha  aaoa  for  thaaa  two  apaelaa.  A  qiiantltatlva  oomparlaon  la  el van 
balow. 


TIME  AFTER  EXPOSURE  IN  HOURS 

Although  an  experimental  comparison  of  cat  and  man  was  not  made  In  our  labora¬ 
tories*  It  was  possible  to  make  an  estimate  of  the  quantitative  differences  between 
cat  and  man.  For  this  coiqparlson*  only  TTS  at  4  kc  was  considered  and  the  15- 
mlnute  eiqiosure  at  the  overall  SPL  of  lo3  db  was  taken  as  a  reference  e3q>osure. 

The  equations  and  constants  given  by  Ward*  Qlorlg*  and  Sklar  (ref.  39)  were  used  to 
calculate  the  expected  results  for  man  and  the  z>equlred  changes  In  the  reference 
exposure*  If  man  were  to  have  temporary  threshold  shifts  eqtial  to  those  for  the  cat. 
The  calculated  values  obtained  for  man  can  be  regarded  as  close  approximations  to 

empirical  values  for  exposures  at  SPL's  of  lo6  db  or  less  and  for  durations  from 

several  minutes  to  several  hours*  since  the  eqmtlons  are  based  on  data  provided  by 
such  exposvires.  The  exact  values  obtained  by  extrapolations  to  SPL's  above  106  db 
are  tentative. 

After  the  reference  exposure*  the  temporary  threshold  shifts  at  2  minutes 
after  exposure  (TTSg)  and  at  6o  minutes  after  exposure  (TrS5o)  were  calculated  for 
man.  These  values  were  TTS2  =  22.5  db  and  TTS60  *  9*9  Sixty  minutes  after 
the  reference  exposure,  the  oat's  tenporary  threshold  shift  (TTSgf.)  is  38  db.  The 
cat's  TTSo  was  estimated  by  extrapolation  to  be  44  db.  Therefore;  TTSo  and  TTSgn 
for  the  oat  are  greater  than  those  for  mem  by  21.5  emd  28.1  db*  respectively.  ^ 

If  man's  TTSp  were  to  equal  the  cat's  estimated  TTSp  of  44  db*  It  was 

calculated  that  the  reference  exposure  would  have  to  be  Increased  for  mem  by  either 
18  db  In  SPL  or  by  11  db  In  time.  The  results  of  these  calculations  at  the  test 
frequency  of  4  kc  are  summarized  In  table  IV. 
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TABLE  IV 


COMPARISON  OF  ITS  F(m  CAT  AND  MAN 


TTSg 

TTS60 

Required  SPL  If 
duration  Is  15  min  and 
TTSg  -  44  db 

Required  duration 

If  SPL  -  105  db  and 
TTS2  *  44  db 

Man 

22.5  (cal.) 

9.9  (cal.) 

123  db  (cal.) 

180  min.  (cal.) 

cat 

44.0  (est.) 

38.0  (obs.) 

105  db 

15  min. 

Dlff. 

In  db 

21.5 

28.1 

18  db 

11  db 

On  the  basis  of  the  conparlswis  given  above  it  Is  hypothesized  that  (a)  the 
qualitative  characteristics  and  the  underlying  processes  of  nolse-lnduced  TTS  are 
the  same  for  cat  and  man,  tmd  (b)  a  given  expoavire  will  produce  more  TTS  In  cat 
than  In  man.  As  a  first  approximation.  It  appears  that  In  order  to  produce 
equivalent  TTS  In  cat  and  man,  the  noise  level  for  man  must  be  18  db  higher  than 
that  for  cat. 
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VI.  mSlSTENT  THiESHOLD  SHIFTS  AFTER  COKTINUOUS 
EXPOSURE  TO  NOISE 


In  the  eicperliiients  to  be  described  below,  all  eats  were  exposed  to  the  same 
spectrum  (figures  11  snd  12  of  Chapter  IV) f  the  duration  of  the  exposure  was  the 
variable.  The  overall  SPL  of  the  broad-band  noise  was  115  db,  while  the  duration  of 
the  exposure  was  1/4,  1/2,  2,  or  8  hours. 


Procedure 


Preliminary  experiments.  Cats  were  exposed  to  the  noise  for  durations  of  1/4, 
1/2,  and  ^  Hours,  each  cat  was  tested  frequently  and  regularly  throughout  Its  post¬ 
exposure  life,  but  no  one  schedule  was  vised  for  all  cats.  All  of  these  cats  were 
killed  In  order  that  their  cochleae  could  be  studied  by  histological  methods.  The 
length  of  their  post-exposure  lives  veurled  from  85  days  to  181  days.  The  details 
of  these  preliminary  experiments  are  given  In  another  report  by  Miller  and 
Associates^. 

Later  experiments.  Since  the  results  of  the  preliminary  experiments  could  be 
questioned  on  tne  grovinds  that  the  cats  had  been  treated  with  dihydrostreptomycin, 
see  Chapter  II,  these  experiments  were  repeated  and  extended  vising  cats  that  had  no 
treatment  with  an  oto-toxic  drug.  In  these  later  experiments  three  cats  were 
exposed  for  1/2  hovir,  eight  cats’* **'^  were  exposed  for  2  hours,  and  six  cats  were 
exposed  for  8  hovu:>s.  As  in  the  case  of  the  preliminary  experiments  the  overall  SPL 
of  the  noise  was  115  db. 

A  standardized  schedule  of  test  sessions  was  used  for  all  cats  in  the  confirm¬ 
ing  experiments.  A  test  session  consisted  of  measurement  of  a  cat's  threshold  for 
the  frequencies  at  each  of  the  nine  octave  steps  from  125  to  32, OCX)  cps.  In  each 
test  session,  thresholds  were  determined  at  all  nine  frequencies  and  the  order  of 
test  frequencies  was  randomized. 

In  order  to  stabilize  the  data,  results  from  several  test  sessions  were 
averaged.  Five  test-sessions  were  completed  before  a  cat  was  exposed  to  the  noise, 
and  the  cat's  pre-exposure  threshold  was  defined  at  each  frequency  as  the  mean 
of  the  five  determinations.  The  schedule  of  test  sessions  during  a  cat's  post¬ 
exposure  life  is  shown  in  table  V.  Note  that  test  sessions  were  conducted  dally 
during  the  first  two  post-exposure  days  and  that,  thereafter  tests  were  conducted 
at  about  1/4,  l/2,  1,  2,  and  3  Ivmar  months  after  the  exposure.  Note  that  the 
number  of  determinations  per  defined  threshold  varies  with  time  after  the  exposure. 

A  threshold  shift  at  a  particular  frequency  is  defined  as  the  difference  between 
the  pre-exposure  and  the  appropriate  post-exposure  threshold  described  In  table  V. 

All  of  the  cats  in  these  later  experiments  were  perfused  for  histological 
preparation  within  1  to  7  days  after  the  last  test  session;  thus,  their  post¬ 
exposure  lives  were  about  90  days. 


*  Interim  Report 

**  Pour  of  these  cats.  Numbers  60,  63,  76,  and  78,  had  previously  been  exposed  to 
noise  as  described  in  Chapter  VII  on  spaced  exposure  to  noise.  These  previous 
exposvires  had  no  persistent  effects  on  their  audiograms. 
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TABLE  V 

SCHEDULE  OP  POST-EXPOSURE  TESTS  AND  DEFINITIONS  OF  THRESHOLD 


Defined 

Threshold 

N 

Time  after  exposure 
of  test  sessions'-' 

0  day 

1 

2-6  hours 

1  day 

1 

24  hours 

2  day 

1 

48  hours 

7.5  day 

2 

7  and  8  days 

14  day 

3 

13 «  14,  and  15  days 

28  day 

3 

27,  28,  and  29  days 

56  day 

3 

55 »  56,  and  57  days 

84  day 

5 

82,  83,  84,  85,  and  86  days 

*  The  results  In  a  given  row 

were  averaged  for  the 

calculation  of  thresholds  smd  threshold  shifts. 

**  Not  run  In 

all  cases. 

Definition  of  PTS  and  Pfs 


The  threshold  shifts  at  84  days  sifter  exposure  are  referred  to  In  the  text  as 
persistent  threshold  shifts  (PTS's).  It  Is  claimed  that  recovery  Is  completed  by 
84  days  and  that  the  thresholds  obtsdLned  at  84  days  represent  the  new  persisting 
state  of  the  cat's  auditory  sensitivity.  This  claim  is  strongly  supported  by  the 
data  on  recovery  and  by  the  histological  findings,  in  the  case  of  a  cat  used  In  the 
prelliDinary  experiments,  each  cat's  final  thresholds  were  used  to  define  his  PTS's, 
and  the  time  at  which  these  final  thresholds  were  measured  ranged  from  75  to  I71 
days  after  the  exposure. 

It  Is  convenient  to  use  a  single  statistic  In  order  tg,  summarize  the  PTS 
audiogram.  For  the  purpose  of  this  report  a  statistic,  nS,  was  defined  as  the 
mean  PTS  for  the  frequencies  at  the  el^t  octave  steps  from  123  to  16,000  cps. 

Shifts  at  32  kc  were  not  Included  In  this  measure,  since  not  all  of  the  cats  were 
tested  at  this  frequency.  It  will  be  shown  that  PTS  behaves  In  an  orderly  fashion 
and  that  for  the  conditions  of  J^se  expwlments  the  audiogram  and  the  histological 
findings  can  be  predicted  when  PTS  Is  ioiown. 
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Growth  of  Persistant  Threshold  Shifts 


The  relation  between  Pfs  and  the  duration  of  the  exposure  to  noise  is  shown  In 
figure  16.  On  this  graph  the  abscissas  are  the  durations  of  the  exposures  In  hours « 
while  the  ordinates  are  the  PTS's  In  decibels.  Values  of  19?  are  shown  for 
individual  cats  by  the  synibolsf  the  open  circles  represent  cats  from  preliminary 
experiments,  while  the  solid  points  represent  cats  from  later  experiments.  The  line 
connects  the  mean  PTS's. 


naURS  I6.  Orewth  of  ns»  the  pereistent  ThreeheM  Shift  AverM><  Awe 
Blsht  Geteve  Steps  fvea  125  to  ie«000  ^ 


>  Suntlene  ot  the  espesure  in  hours,  mhile  the 


The  abeoteaae  are  the  durstl _ —  _  _ , _ _  _  ... 

ardlnetee  are  the  rTB*s  in  deeihele.  The  eyehole  shoe  tM  i«lues  of 
ns  for  the  ihdivltfual  eatei  the  open  elrelee  represent  eete  fro*  the 
preltainary  experlmanta,  while  the  selltf  points  represent  oa^^pHs 
the  UUr  experlaenta.  The  line  eomeote  the  awon  wnieee  of  m.  The 
dashed  se^Mnt  of  the  ourve  refieets  the  feet  that  other  eaperiasnte 
Chapters  v  and  Vli)  have  shoia^Mt  eapoeiae  to  the  noise  for 
irno  ffs. 


1/8  hour  will  produoe  little  or  1 


DURATION  OF  EXPOSURE  IN  HOURS 

First,  It  should  be  noted  that  the  Individual  differences  are  large.  This 
spread  among  the  cats  Is  almost  entirely  due  to  the  noise  exposurei  that  Is,  the 
inter-cat  variance  after  exposure  to  noise  Is  approximately  16  times  greater  than 
the  Inter-cat  varlwce  prior  to  exposure.  The  intra-cat  varleuice,  on  the  other 
hand,  was  not  greatly  affected  by  the  exposure. 


Another  feature  of  theae  data  vdiich  is  Illustrated  In  figure  16  is  the 
compatabillty  of  the  results  from  the  preliminary  experiments  with  those  from  the 
later  experiments.  For  the  exposure  durations  of  1/2  euid  2  hours  It  can  be  seen 
that  preliminary  oats  overlap  with  the  cats  from  the  later  experiments.  Thus, 
since  only  procedural  differences  exist  between  the  preliminary  and  the  later 
experiments,  these  two  sets  of  data  are  treated  alike  during  most  of  the  remainder 
of  this  report. 


Other  experiments  In  our  laboratory  (chapters  V  and  Vll)  have  shown  that 
exposure  to  this  noise  for  1/8  hour  produces  little  or  no  PTS  in  the  oat.  The 
dashed  portion  of  the  curve  reflects  this  fact.  Thus,  the  mean  19?  leaves  zero 
after  an  exposure  of  §Jiaut  9  to  15  minutes.  As  the  duration  of  the  exposure  is 
extended  up  2  hours,  PTS  grows  rapidly.  When  the  expoBva-e  Is  Increased  beyond  2 
hows,  the  rate  of  growth  then  declines)  two  hours  of  exposure  result  In  a  mean 
WS  of  35  db,  while  an  additional  six  hours  of  exposure  Increases  this  value  bv 
only  5.6  db. 

The  growth  of  PTS  was  approximated  by  a  logarithmic  function  of  time.  The 
dashed  line  on  figure  I7  shows  the  line  obtained  by  fitting  the  equation 


to  the  Mrs  data  by  the  method  of  least  squares.  The  symbols  show  the  mean  PTS  for 
each  duration  of  the  exposure,  cuid  the  bars  show  the  dlstsnce  plus  and  minus  one 
standard  error  of  themean.  It  can  bo  seen  that  for  every  doubling  of  the  exposure 
duration,  the  mean  PTS  Increases  by  about  8  db.  It  Is  obvious  that  these  data 
cannot  be  used  to  reject  the  notion  that  the  growth  of  Tto  can  be  accurately 
described  by  a  logarithmic  function.  On  the  other  hand,  the  best  estimate  that 
could  be  made  from  the  present  data  is  that  the  growth  function  would  be  S-shaped 
when  plotted  against  log  time. 


The  growth  of  PTS  for  Individual  frequencies  Is  shown  In  figure  18.  On  this 
graph  the  abscissas  are  the  durations  of  the  exposures  In  hours,  while  the  ordinates 
are  the  mean  PTS's  In  decibels.  The  parameter  Is  the  frequency  of  the  test  tone. 
The  growth  curves  for  Individual  frequencies  are  similar  In  form  to  that  shown  for 
ras,  that  Is,  once  the  growth  of  PTS  begins.  It  Is  Initially  rapid,  ind  then,  the 
rate  of  growth  declines.  These  data  suggest  that  the  rate  of  growth  may  be  higher 
for  frequencies  at  and  above  1  kc  than  It  Is  for  frequencies  below  1  kc. 
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Audiograms 


The  PTS  data  resulting  from  these  continuous  exposures  are  shown  In  the 
conventional  form  of  audiograms  In  figure  19.  inspection  of  this  figure  shows  that 
tho  largest  shifts  are  found  between  l.o  and  4.o  kc.  it  should  be  noted  that  un¬ 
like  the  case  of  TTS,  tho  loss  at  2.0  kc  Is  consistently  greater  than  the  loss  at 
8.0  kc.  This  display  of  the  data  clearly  shows  again  that  tho  major  effect  of 
Increasing  the  duration  of  the  exposure  was  between  the  l/2-hour  and  the  2-hour 
durations.  The  properties  of  the  audiogram  will  be  discussed  In  more  detail  in 
Chapter  X. 
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FREQUENCY  IN  KILOCYCLES 
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Table  VI  summarizes  the  PTS  data  that  have  been  presented  above  (figures  16, 

17j  18,  and  19).  This  table  shows  the  composition  of  the  groups,  the  mean  PTS  for 
each  frequency,  as  well  as  PTS.  Below  each  mean  two  measures  of  variability  are 
given.  The  first,  labeled  Is  the  standard  error  of  the  meein  based  on  the 
estimated  Inter-cat  veu'lance.  The  second,  labeled  ff'a.  Is  an  estimation  of  the 
reliability  of  the  mean  for  the  particular  cats  of  these  samples;  In  other  words. 

It  Is  an  estimate  of  the  standard  error  of  the  PTS  based  on  the  Intra-cat  varia¬ 
bility.  Examination  of  these  measures  of  variability  shows  that  while  these  means 
are  precisely  determined  for  the  particular  cats  of  these  experiments,  the  enormous 
Inter-cat  variability  precludes  precise  estimates  of  the  population  means  from 
these  small  numbers  of  cases.  As  previously  mentioned,  the  Inter-cat  variability  Is 
due  largely  to  the  noise  exposure,  since  prior  to  exposure  the  Inter-cat  variance 
In  thresholds  Is  smaller  than  after  exposure  by  a  factor  of  about  16.  The  Intra¬ 
cat  variance  on  the  other  hand  Is  relatively  unaffected  by  the  noise.  For  an 
Individual  cat,  the  largest  Increase  In  Intra-cat  variability  was  a  factor  of  lo; 
the  Increase  of  the  mean  Intra-cat  variance  from  before  exposure  to  84  days  after 
It  was  1.26  db. 


Ratings  of  Cochlesu*  Injuries 


The  methods  for  the  prepsu?atlon  of  the  cochleas  for  histological  examination 
and  the  rating  scale  used  as  a  measure  of  the  degree  of  lnj\iry  are  given  In 
Chapter  IX.  The  analysis  of  the  relations  between  the  behavioral  findings  and  the 
histological  findings  Is  given  for  all  exposures  to  the  broad-band  noise  In 
Chapter  X.  Nevertheless,  the  mean  Injury  ratings  will  be  presented  here  for  the 
continuous  exposures  to  the  broad-band  noise. 

Table  VII  shows  the  mean  of  the  Injury  ratings,  which  can  vary  from  1.0  for  a 
normal  end  organ  to  5.0  for  complete  destruction  of  the  external  hair  cells,  at 
each  of  several  positions  along  the  basilar  membrane.  It  should  be  understood  that 
these  positions  are  only  approximate  and  that  the  rating  was  based  on  an  examination 
of  the  Indicated  region,  not  a  particular  distance  from  the  round  window.  In 
table  VII  the  positions  along  the  basilar  membrane  are  Indicated.  Below  the  name 
of  each  location  the  approximate  distance  from  the  round  window  Is  given  In  milli¬ 
meters,  and  the  corresponding  test-tone  frequency,  as  determined  by  Schuknecht 
(ref.  28),  Is  also  shown. 
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TABLE  VI 


PBRSISTEMT  TWESHOIB  SHIFTS  AFTER  COHTIHUOUS  EXPOSURE  TO  NOISE, 
SHOWN  FOR  EACH  DURATION  OP  THE  EXPOSURE  ARE  THE  MEAN  PTS's 


The  etaixiard  errors  of  the  nsen  taeeed  on  both  Internet  verienee,  end  Intrfoat  variance,  are  alas  ehoun. 


Duration 

Number  of  Cats 

Prelim.  Later 
on 

Total 

0.12S 

0.25 

1 

0.5 

Frequency  In  Kllocycles/Second 

1.0  2.0  4.0  8.0^  16.0 

32.0*' 

PTf-^ 

PTS 

-2.1 

1.2 

-4.0 

19.2 

13.8 

10.8 

2.3 

3.5 

- 

5.6 

1/4 

3 

3 

2.0 

3.1 

4.8 

5.4 

9.8 

9.0 

3.9 

3.1 

- 

3.2 

Jr 

1.9 

1.9 

1.9 

1.9 

2.5 

2.5 

2.5 

2.5 

- 

Oe8 

PTS 

-0«2 

-1.9 

4.9 

13.5 

25.3 

20.4 

6.3 

-0.6 

1.3 

8.5 

1/2 

3  3 

6 

fm 

2.5 

2.5 

2.3 

3.5 

6.9 

9.5 

4.8 

3.6 

5.2 

2.6 

#R 

1.4 

1.4 

1.4 

1.4 

1.8 

1.8 

1.8 

1.8 

1.6 

0.6 

PTS 

12.5 

18.1 

32.3 

47.1 

51.5 

5C.6 

4o.O 

27.6 

38.8 

35.0 

S 

4  e 

12 

2.5 

3.3 

5.6 

4.3 

2.6 

3.1 

5.3 

7.1 

11.9 

3.2 

fR 

1.0 

’.0 

1.0 

1.0 

1.2 

1.2 

1.2 

1.2 

1.2 

0.4 

PTS 

17.7 

19.8 

32.2 

56.6 

60.9 

52.3 

46.3 

39.1 

33.2 

40.6 

e 

6 

6 

3.-' 

1.2 

7.4 

8.9 

4.8 

6.2 

12.8 

12.0 

13.6 

6.7 

<r* 1 

1.4 

1.4 

1.4 

1.4 

1.8 

1.8 

1.8 

1.8 

1.8 

0.6 

i 

The 

cata  In  the  preliminary  experiments  were 

tested  at  8.8  kc  rather  than  6.0  kc. 

#-i! 

Th« 

test  frequency  of  32.0  ko 

was  not  used  1 

n  the  pFellmlnai>y  experiments, 

+ 

Hear 

1  la  the  mean  of  the  frequencies 

from  0.125  to  16.0  kc. 

TABLE  VII 

MEAN  INJURY  RATINGS  FOR  COCHIEAS  OF  CATS 

EXPOSED 

TO  THE  BROAD-BAND  NOISE 

Duration 
of  Noise 
Hours 

Nualber  of  Cats 

Prelim.  Later 

(Hean) 

III 

A 

20.5 

0.15 

Location  of  Injury 

II  I 

U  N  L  U  M 

ami  from  R.  N. 

17.0  15.3  13.5  10.8  7-5 

Equivalent  Frequency  In  Kllooyoles/second 

0.7  1.09  1.7  3.4  7.6 

L 

4.5 

17.0 

1/4 

2 

I 

1.87 

1.50 

2.00 

2.75 

2.25 

2.00 

2.00 

1.5 

Cm 

0.18 

0.0 

0.50 

0.25 

0.25 

0.50 

0.0 

0.0 

1/2 

3  3 

I 

2.04 

1.50 

1.83 

2.17 

2.42 

Cm 

0.16 

0.13 

0.11 

0.17 

0.21 

0.34 

0.40 

0.28 

2 

4  8 

I 

2.88 

1.79 

2.13 

2.86 

3.67 

3.83  - 

3.04 

2.88 

Cm 

0.16 

0.11 

0.14 

0.19 

0.24 

0.20 

0.28 

0.33 

2» 

-10- 

I 

2.41 

1.70 

2.00 

2.50 

3.25 

2*58 

i‘7! 

n 

0.31 

0.11 

0.13 

-0.17 

o.oB 

0.24 

0.38 

0.15 

6 

6 

I 

3.36 

2.17 

2.75 

3.33 

4.08 

4.00 

3.67 

3.5 

0i 

0.21 

0.20 

0.17 

0.21 

0.20 

0.26 

0.36 

0.71 

*  Blnatml  and  untnliMd  with  snort  post-«zposurs  lifs. 
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Examination  of  table  VII  reveals  tiiat  the  greatest  Injury  is  found  In  the  lower 
and  middle  portions  of  Turn  II  and  the  upper  and  middle  portions  of  Turn  I.  It  can 
be  seen  that  as  the  duration  of  the  exposure  increases,  the  severity  of  the  injury 
Increases.  Also,  the  longer  the  exposure  the  greater  the  spread  of  the  injury 
along  the  basilar  membrane. 

Note  that  a  group  of  binaural,  tsitralned  cats  Is  Included  In  table  VII.  This 
group  was  used  to  control  against  the  possibility  that  some  aspect  of  our  labora¬ 
tory  procedures  Increased  the  cats'  susceptibility  to  noise.  For  example.  It  was 
feared  that  perhaps  the  destruction  of  one  ear,  or  the  laboratory  diet,  or  the 
training  procedure  In  some  unknown  way  made  the  cats  susceptible  to  the  noise 
exposure.  In  order  to  control  against  these  possibilities  seven  cats  were  exposed 
to  the  noise  In  the  very  same  morning  that  each  was  received  from  the  dealer. 

These  cats  were  perfused  between  2  and  4  hours  after  the  cessation  of  the  noise. 

TWO  of  the  cats  were  discarded  because  evidence  of  middle-ear  infection  was 
observed  during  post-mortem  examination.  Ten  ears  from  five  cats  were  examined  and 
rated  for  cochlear  injury.  The  results  in  table  VII  show  that  injury  was  present 
in  these  cochleae,  although  the  ratings  are  not  quite  so  high  as  those  for  the 
trained  cats  with  long  post-exposure  lives. 

Overall,  the  histological  findings  are  consistent  with  the  behavioral  findings, 
permanent  injuries  inferred  from  the  behavioral  findings  were,  in  fact,  observed. 
Untrained  cats  that  had  never  lived  in  the  laboratory  showed  injury  patterns  that 
were  similar  to  those  observed  for  trained  cats.  Differences  that  do  exist  in  the 
histological  findings  for  trained  and  untrained  cats  can  probably  be  attributed  to 
differences  in  the  lengths  of  their  post-exposure  lives.  See  Chapters  IX  and  X  for 
more  detailed  accounts  of  the  histological  findings  and  their  relations  to  the 
audiograms . 


Recovery 


Temporary  threshold  shifts  (TTS's)  that  are  induced  by  exposure  to  sound  are 
defined  as  those  threshold  shifts  vdilch  recover  to  zero.  Persistent  or  permanent 
threshold  shifts  (PTS's)  that  are  Induced  by  Sound  are  those  stable  threshold 
shifts  that  remain  after  the  completlcm  of  recovery. 

In  a  case  where  noise  exposure  produces  PTS,  we  believe  that  threshold  shifts 
measured  before  recovery  is  complete  should  be  distinguished  from  TTS.  This 
distinction  is  proposed  on  the  general  grounds  that  recovery  from  an  exposure  to 
noise  which  has  produced  a  new  and  permanent  injury  may  Involve  complex  inter¬ 
actions  among  fatigue  processes,  temporary  injuries,  and  permanent  injuries  which 
differ  from  those  factors  controlling  recovery  from  "pure"  TTS.  This  distinction 
also  is  proposed  on  the  specific  grounds  that,  for  the  conditions  that  we  have 
studied,  "pure"  TTS  has  different  frequency  characteristics  than  "pxire"  PTS.  For 
these  reasons  we  shall  use  the  term  compound  threshold  shift  (CTS)  to  describe 
threshold  shifts  that  have  both  temporary  and  new  permanent  components. 

While  recovery  from  TTS  has  been  extensively  studied  by  Ward,  Qlorig,  and 
Sklar  (refs.  37”39),  and  others,  only  few  data  on  the  recovery  from  the  temporary 
components  of  CTS's  have  been  available.  Knowledge  of  the  course  and  duration  of 
the  recovery  from  CTS  to  the  final  PTS  level  is  required  for  the  design  of  eiqper- 
Iments,  the  practical  decisions  of  hearing  conservation,  and  for  theories  of  the 
recovery  process.  Moreover,  it  is  obvious  that  before  a  threshold  shift  can  be 
asserted  to  be  permanent,  the  recovery  from  the  temporary  components  of  the  CTS 
must  be  shown  to  be  complete. 

Initial  data  on  the  recovery  from  the  temporary  components  of  the  CTS  were 
obtained  during  the  preliminary  experiments.  After  a  single  exposvire  to  noise,  the 
cats  In  these  experiments  were  tested  periodically  throughout  their  post-exposure 
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liv«a>  which  ranged  from  three  to  aiz  montha.  Recovery  followed  a  regular  and 
decelerating  courae,  the  major  portion  of  the  recovery  occxirred  within  l  to  5  weeks 
after  the  expoaure  to  nolae,  and,  generally,  recovery  waa  completed  In  the  flrat 
two  poat-expoBure  montha.  While  In  moat  oMea  the  poat-expoaure  thresholda  were 
remarkably  atable,  this  waa  not  true  In  all  casea.  At  aoma  frequencies  some  of  the 
cats  did  recover  an  additional  8  to  13  db  dvirlng  the  third  and  fourth  post-exposure 
months.  Because  of  several  difficulties  encountered  In  these  prelli^nary  exper¬ 
iments,  we  doubt  that  these  oases  of  additional  recovery  were  due  to  auditory 
processes. 

Our  most  reliable  and  extensive  set  of  data  on  the  recovery  from  the  temporau^y 
components  of  CTS  were  obtained  during  the  later  experiments.  Recovery  curves  for 
the  test  frequencies  of  0.25,  2.0,  and  8.0  ke  are  shown  In  figure  20  as  exanples  of 
these  results,  on  each  panel  of  this  figure,  the  abscissas  are  the  times  after 
exposure  In  days,  while  the  ordinates  are  the  mean  threshold  shifts  In  decibels. 

•nie  parameter  Is  the  duration  of  the  expostxre  to  the  noise.  A  hat  o>'er  a  symbol 
means  that  at  least  one  cat  In  the  group  had  a  threshold  shift  so  large  that  he  did 
not  respond  at  the  audiometer's  maximum  output.  The  dotted  lines,  which  connect 
the  symbols  with  hats,  represent  lower  boun^  on  these  mesn  recovery  curves.  The 
broken  lines  and  open  symbols  represent  data  from  the  preliminary  experiments, 
while  the  solid  lines  and  solid  syabols  represent  data  from  the  later  experiments. 
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ThA  Ttcovwy  oupvos  for  other  test  freQuenoles  ere  not  shown  sinoe  they 
wsre  hlc^ly  similar  to  those  shown  In  figure  SO*  Tor  all  frequencies  recovery  Is 
extremely  rapid  during  the  first  few  post-exposure  days*  and«  thereafter,  the  rate 
gradually  slows.  Also,  the  duration  of  the  period  diving  which  recovery  can  be 
observed  seems  to  Increase  with  the  duration  of  the  exposure.  In  almost  all  oases 
the  curves  have  become  horizontal  by  64  days  after  the  exposure. 

Since  during  the  later  experiments  test  sessions  wore  run  at  regularly 
scheduled  times  after  the  exposure,  the  recovery  fi>om  threshold  shifts  will  be 
examined  In  more  detail  for  these  experiments. 

The  data  of  these  later  experiments  were  examined  to  determine  whether  or  not 
recovery  had  stopped  by  56  days  after  the  exposure.  For  each  oat  and  test-t<»ie 
frequency,  the  difference  between  the  56  and  64  day  threshold  shifts  was  examined, 
using  the  standard  t-test,  for  statistical  significance  at  the  5  percent  level  of 
confidence.  Since  of  286  tests  only  13  proved  significant.  It  seems  unlikely  that 
recovery  was  continuing  beyond  56  days  after  the  exposure.  The  change  in  the 
threshold  shift  during  the  period  from  56  to  84  days  after  eiqiosure  was  calculated 
for  all  frequencies  and  cats.  Mean  values  of  this  statistic  were  0.54  db  for  the 
l/2-hour  exposure,  0.46  db  for  the  2-hour  exposure,  and  -0.17  db  for  the  8-hour 
exposure.  Thus,  on  the  basis  of  all  the  recovery  data  that  we  have  obtained,  we 
believe  that  recovery  from  CTS  Is  complete  by  two  to  three  months  after  exposure 
and  that  for  these  exposure  conditions  cases  of  recovery  during  the  fourth  post¬ 
exposure  month  arc  rare,  if  not  artlfactual. 

The  relation  between  the  time  to  recover  and  the  duration  of  the  exposure  was 
also  examined.  Since  it  is  difficult  to  determine  the  time  at  which  a  recovery 
curve  has  reached  Its  asymptote,  the  following  statistic  is  defined  as  the  period 
of  recovery.  This  statistic  Is  the  number  of  days  required  to  recover  within  6  db 
of  the  threshold  shift  at  84  days,  that  Is,  the  number  of  days  for  threshold  shift 
to  fall  within  6  db  of  the  PTS.  For  the  cats  used  in  the  later  eigperlments,  this 
measure  was  obtained  for  each  of  the  test-tone  frequencies. 

A  related  variable  Is  a  measure  of  the  amount  of  recovery.  It  is  defined  as 
the  difference  In  decibels  between  the  threshold  shift  at  1  and  84  days  after  the 
exposure}  this  difference,  of  course.  Is  the  magnitude  of  the  temporary  component 
of  the  compound  threshold  shift  at  the  Indicated  time.  In  most  cases.  It  was 
Impossible  to  measure  thresholds  one  day  after  exposure,  since  the  cat  would  not 
respond  at  the  highest  Intensity  of  the  audiometer.  Nonetheless,  a  lower  bound 
could  be  obtained  on  the  amount  of  recovery. 

Table  VIII  shows  both  the  period  of  recovery  euid  the  amount  of  recovery  as 
they  were  defined  above.  The  duration  of  the  recovery  period  Increases  with  the 
duration  of  the  exposure.  The  periods  of  recovery  for  the  average  threshold  shift 
are  11.1  days  for  the  l/2-hour  exposure,  18. 7  days  for  the  2-hour  exposure,  and 
32.9  days  for  the  8-hour  exposure.  Examination  of  the  data  for  Individual 
frequencies  also  supports  the  notion  that  the  time  to  recover  Increases  with  the 
duration  of  the  exposure. 

The  total  amount  of  recovery  as  represented  by  the  difference  between  the 
threshold  shifts  at  1  and  84  days  after  the  noise  shows  a  regular  Increase  with  the 
duration  of  the  exposure.  The  last  column  of  table  VIII  shows  that  the  magnitudes 
of  the  temporary  component  of  the  threshold  shifts  at  one  day  after  exposure  ave, 
on  the  average,  23.1  db,  more  than  39.2  db,  and  more  than  49.7  db,  for  the  1/2, 

2-,  and  8-hour  exposures,  respectively.  In  the  case  of  the  l/2-hour  exposure,  only 
the  data  for  test  tones  of  0.5,  1.0,  2.0,  and  4.0  kc  are  relevant  to  the  re-  jvery 
of  the  CTS  to  the  PTS,  for  no  PTS’s  were  measured  at  other  frequencies. 

Another  feature  of  these  data  on  recovery  is  the  lack  of  a  strong  dependence 
on  frequency.  There  Is  some  Indication  In  the  case  of  the  2-hour  exposure  that  the 
recovery  continues  over  a  longer  period  at  low  frequencies  than  high  frequencies. 
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When  the  data  from  all  experiments  are  considered,  nonetheless,  strong  frequency 
effects  become  apparent.  As  will  be  shown  In  Chapter  X,  the  longest  recovery 
periods  usually  are  observed  for  frequencies  having  the  greatest  PTS.  Changes  In 
the  shape  of  the  audiogram  as  recovery  proceeds  also  are  discussed  in  Chapter  X. 

TABLE  Vlll 

AMOUKT  OP  RECOVERY  AND  THE  DURATION  OP  THE  RECOVERY  PERIOD 
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Comparison  with  Other  Data  for  Cat  and  Man 


These  experiments  show  that  sizeable  persistent  threshold  shifts  are  induced 
when  an  awake  cat  Is  exposed  to  the  broad-band  noise  for  1/4  to  8  hours  at  an  over¬ 
all  SPL  of  115  db.  Lindquist,  Neff,  and  Schuknecht  (ref.  20 )  did  not  encounter 
persistent  losses  for  the  cat  after  exposure. to  noise  at  lo7  db  for  durations  as 
long  as  one  hour.  Since  their  noise  was  similar  to  the  noise  of  our  experiments, 
we  conclude  for  exposure  durations  of  this  rsuige  that  Injury  to  cat's  Inner  ear 
begins  at  an  Intensity  between  107  wid  115  db.  Although  recent  results  by  von 
Schulthess  (ref.  31)  support  this  conclusion,  other  results  for  the  cat  are  surpris¬ 
ing  In  ll|^t  of  our  findings.  Hawkins,  Lurie,  and  Davis  (ref.  18)  exposed  a  few 
unanesthetized  oats  to  pure  tones  of  500  cps  at  about  150  db  for  durations  from 
1/2  to  8  minutes.  In  this  case  neither  the  cochlear  mlcrophonlc  or  the  histological 
findings  Indicated  permanent  damsige  to  the  cat's  ear.  On  the  other  hand,  guinea 
pigs  or  anesthetized  oats  exposed  to  the  same  condition  show  serious  auditory 
Injury.  The  authors  suggested  that  the  resistance  of  the  unanesthetlzed  cat  to  very 
Intense  tones  may  have  been  due  to  protective  actions  of  the  ear.  It  may  be  then 
that  the  difference  between  our  findings  and  those  of  Hawkins,  Lurie,  and  Davis  is 
that  the  oat's  protective  mechanisms  are  strongly  dependent  on  frequency  as  shown 
by  Slanons  (ref.  32)  wd,  perhaps,  also  depwident  on  Intensity  as  suggested  by  Loeb 
and  Rlopelle  (ref.  21 ). 

The  data  available  for  man  lead  to  the  conclusion  that  the  eiqposure  conditions 
of  our  experiments  which  produced  FTS's  for  oat  would  not  produce  PTS  -for  man.  In 
particular,  Davis  and  Associates  (ref.  7)  report  data  for  men  exposed  to  noise 
similar  to  the  one  we  used  to  deafen  oats.  Overall  SPL's  of  110,  120,  and  130  db 
and  durations  frcm  1  to  32  minutes  were  usedt  also,  one  exposure  at  an  overall  SPL 
of  120  db  had  a  duration  of  64  minutes.  While  large  TTS's  were  found,  no  persistent 
threshold  shifts  resulted  from  these  exposures. 
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It  will  be  recalled  that  on  the  basis  of  a  contparlson  of  TTS  for  oat  and  man. 
It  was  estimated  that  man  would  require,  for  the  same  TTS  as  oat,  an  exposure  about 
18  db  greater  than  that  for  the  oat.  If  this  difference  be  correct  for  suscepti¬ 
bility  to  permanent  injury,  then  133  db  would  produce  results  for  man  similar  to 
those  for  eat.  This  prediction  does  not  seem  at  variance  with  the  known  data  for 
man. 


The  difference  between  cat  and  man  in  susoeptlblllty  to  FTS  can  be  estimated 
from  known  properties  of  their  ears  and  hearing.  Above  500  ops,  the  oat's  auditory 
sensitivity  to  tonal  sound  fields  is  at  least  8  db  better  than  the  comparable 
sensitivity  of  man.  If  this  difference  is  due  to  properties  of  the  external  and 
middle  ears  of  these  animals,  then,  in  a  given  sound  field,  at  least  8  db  more 
energy  is  reaching  the  inner  ear  of  cat  than  that  of  man.  But  once  In  the  cochlea, 
a  greater  bandwidth  is  mapped  onto  a  millimeter  of  the  cat's  basilar  membrane  them 
onto  a  millimeter  of  man's  basilikr  membrane,  as  Inferred  by  Elliot,  stein,  emd 
Harrison  (ref.  15),  Greenwood  (ref.  17),  and  Watson  (ref.  41).  in  the  case  of  a 
broad-band  noise,  this  factor  could  increase  the  exposure  of  cat  over  that  for  mem 
by  a  factor  equivalent  to  an  SPL  change  of  about  3.0  to  7.0  db.  Thus,  11  or  more 
db  of  the  tentative  18  db  difference  between  cat  and  mem  can  be  accounted  for  by 
the  acoustic  properties  of  the  external,  middle,  and  inner  ears. 


Hypothetical  Growth  of  FTS  and  Related  Variables 


Several  important  variables  have  been  related  to  the  duration  of  the  exposure 
to  noise.  These  are  the  amount  of  FTS,  the  size  of  the  temporary  component  of  CTS 
at  any  particular  time  after  exposure,  and  the  time  required  for  recovery  from  the 
temporary  component  of  CTS.  Unfortunately,  the  relations  between  these  variables 
and  the  exposvire  duration  are  complex  and  not  completely  determined  by  our  exper¬ 
iments.  Our  best  estimates  of  these  relations  are  given  in  the  text  below  and 
illustrated  in  figure  21.  The  discussion  below  is  limited  to  exposures  to  the 
broad-band  noise  at  the  115-db  level,  and  only  test-tones  in  the  mid-frequency  range 
from  1  to  4  kc  are  considered. 
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We  believe  that  post-exposure  threshold  shifts  cannot  exceed  those  measiAred 
in  the  presence  of  the  noise}  that  is,  the  masking  produced  by  the  noise.  It  is 
possible  to  estimate  the  amount  of  masking  produced  by  the  broad-band  noise  using 
measurements  made  by  Watson  (ref.  4l).  The  horizontal  line  at  about  117  db  in 
figure  21  indicates  the  amount  of  masking  for  the  conditions  under  consideration 
and  it  reflects  our  assumption  that  the  amount  of  masking  places  an  upper  boxind  on 
post-exposure  threshold  shifts.  Compound  threshold  shifts,  measured  1  or  24  hours 
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after  cessation  of  the  noise,  su:^  shown  approaching  the  assvuned  upper  limit.  Note, 
nonetheless,  that  throughout  a  broad  range  of  exposure  conditions  both  CTS  and  ITS 
are  shown  as  linear  functions  of  the  logfsrlthm  of  exposure  duration. 

If  the  duration  of  the  exposure  Is  less  than  about  7.5  minutes,  only  temporary 
threshold  shifts  are  observed.  As  the  duration  of  the  exposure  Increases  to  15 
minutes,  permanent  threshold  shifts  are  Induced,  and  the  shifts  become,  on  the 
average,  equally  severe  for  each  of  the  mid-frequencies.  The  Initial  branching  of 
the  functions  labelled  CTS  Indicates  that  greater  shifts  are  found  at  4  kc  than  at 
1  or  2  kc  for  those  short  durations  of  exposure  that  only  produce  TTS. 

It  was  noted  earlier  that  the  exact  course  of  the  growth  of  PTS  cannot  be 
determined  from  the  present  data.  Our  best  guess  about  this  growth  Is  shown  In 
figure  21  by  the  line  labelled  PTS.  Over  Its  linear  portion,  the  slope  of  this 
curve  8q>pears  to  be  less  than  that  for  CTS.  It  Is  not  known  whether  or  not  the  FTS- 
curve  reaches  a  maximum.  One  cat  (no.  9o)  did  have  PTS's  as  large  as  78  db  after  an 
exposure  of  8  hours)  perhaps,  more  typical  cats  would  reach  PTS's  of  that  size  If 
the  duration  of  the  exposure  were  made  sufficiently  long. 

The  number  of  days  required  for  recovery  from  the  temporary  component  of  CTS 
Is  also  shown  In  figure  21.  The  reauler  should  recall  that  the  duration  of  the 
recovery  period  Is  defined  here  as  the  number  of  days  required  for  the  CTS  to 
reach  a  level  within  6  db  of  the  PTS.  So  defined,  the  duration  of  the  recovery 
period  appears  to  grow  as  a  linear  function  of  the  logarithm  of  the  duration  of 
the  exposure.  We  conjecture  that  this  function  must  reach,  and  perhaps  pass 
through,  a  maximum.  This  conjecture  follows  from  the  hypothesis  that  for  any 
exposure  spectrum  only  a  given  set  of  structural  elements  In  the  sensory  system  can 
be  temporarily  or  permanently  Injured.  For  sufficiently  long  durations  of  exposure. 
It  Is  hypothesized  that  all  elements  which  can  be  permanently  injured  have  been  so 
Injured)  furthermore,  it  is  suspected  that  only  a  few  elements  would  remain  that 
coxild  be  temporarily  injured  by  the  spectrum.  Thus,  for  extremely  long  exposures, 
the  temporary  component  of  CTS  would  probably  be  small  and  recovery  from  It  would 
be  relatively  quick. 
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VII.  PERSISTENT  THRESHOLD  SHIFTS  FROM  SPACED  EXPOSURES  TO  NOISE 


In  this  set  of  experiments  the  effect  of  breaking  up  a  long  continuous 
exposure  Into  a  series  of  short*  spaced  exposures  was  exaunlned.  Because  It  was 
known  tiiat  exposure  to  the  broad-band  noise  for  1/6  hour  at  an  overall  SPL  of  115 
db  produces  lltcle  or  no  permanent  Injury*  this  duration  was  chosen  for  all  of  the 
short  exposures  In  the  series.  Furthermore*  because  a  continuous  exposure  to  the 
noise  at  115  db  for  2  hours  was  known  to  produce  sizeable  PTS*  all  cats  were  given 
16  of  the  short  exposures  to  noise  and*  thus*  were  exposed  a  total  of  2  hours. 

Four  groups  of  four  cats  each  were  exposed  according  to  the  following 
schedules.  Group  I  received  a  2-hour  exposure  to  the  noise  which  was  continuous  In 
time.  Groups  II*  III*  and  IV  were  exposed  to  the  noise  In  sixteen*  l/8-hour  doses. 
These  doses  were  spaced*  from  onset  to  onset*  at  l-hour  intervals  for  Group  II*  at 
6-hour  Intervals  for  Grovip  III*  and  at  2^hour  Intervals  for  Group  IV.  Since  the 
level  of  noise  was  constant  for  all  groups  tknd  since  all  cats  were  exposed  for  a 
totsQ  of  two  hours*  all  cats  were  exposed  to  the  same  total  energy. 


Temporary  and  Compound  Threshold  Shifts  During  a  Series  of  Exposures 


The  cats  In  Groxip  IVa"'*  were  first  used  to  determine  the  TTS  audiogram  for  the 
single*  1/8-hour  exposure*  and  these  data  were  presented  In  figure  14  of  Chapter  V. 
About  one  month  after  the  first  exposure  to  the  noise*  a  series  of  16  of  these  1/8- 
hour  exposures*  which  were  spaced  at  24-hour  Intervals*  was  begun  on  the  cats  of 
this  group.  These  animals  were  tested  at  2.0  and  4.0  kc  before  and  after  each 
exposure.  These  tests  were  accomplished  during  the  1-hour  period  preceding  the 
exposure  and  during  the  1-hour  period  that  began  30  minutes  after  the  exposure. 

For  three  control  days  prior  to  the  beginning  of  the  experiment  the  threshold  tests 
were  conducted*  but  there  were  no  exposures  to  the  noise. 

The  effects  of  this  series  of  exposures  are  shown  in  figure  22,  The  threshold 
shifts  at  4.0  and  2.0  kc  are  shown  In  the  upper  and  lower  panels*  respectively. 
Throughout  this  series  of  exposures  the  reference  thresholds  are  the  normal  thresh¬ 
olds  which  were  established  prior  to  beginning  the  series.  The  sqxiares  on  the 
left-hand  portion  of  the  figure  show  the  results  of  the  original  l/8-hour  exposure 
to  the  noise*  which  was  given  one  month  prior  to  the  series  of  16  exposures.  The 
circles  on  the  left-hand  portion  of  the  panels  show  the  control  results  obtained 
when  the  noise  Is  omitted.  To  the  right  of  the  vertical  line  on  each  panel  the 
results  obtained  during  the  sequence  of  the  16  successive  exposures  are  shown. 

The  striking  finding  shown  In  figure  22  is  that  the  size  of  the  threshold  shift 
decreases  during  the  series  of  exposures  to  noise.  Although  this  decrease  Is 
reliable*  It  Is  not  understood.  It  meiy  be  that  somehow  the  cats  were  becoming  more 
resistant  to  the  noise.  Or*  It  may  be  that  the  cats  suffer  a  post-exposure  tinnitus 
and  that  the  decreases  In  the  threshold  shift  reflect  the  possibility  that  the  cats 
learn  to  distinguish  the  test  tone  from  the  tinnitus. 


^  The  cats  In  Group  IV  had  the  following  history  of  exposure  to  the  broad-bemd 
noise  at  115  db!  (l)  one  1/8-hour  exposure  (Chapter  V  on  TTS)*  (2)  a  series  of  16 
spaced  exposures  with  an  Inter-exposure  Interval  of  24  hoxirs*  (3)  a  series  of  8 
spaced  exposures  also  at  an  Inter-exposure  Interval  of  24  hours*  and  (4)  a  contin¬ 
uous  2-hour  eiroosure.  Group  IV  Is  termed  Giroup  IVa  for  the  exposures  listed  under 
(1)*  (2)*  and  T3}.  These  same  four  cats  are  called  Group  IVb  for  the  exposure 
listed  under  (4). 


“I — I — I — I — I — r- 
OAILY  EXPOSURE  BROAO-BANO  NOSE 
IIS  Oe  FOR  7.S  MW 
TEST  TONE  4000  CPS 
PARAMETER  TIME  AFTER  NOISE 
•  I  MOOR 

O - O  23  HOURS 

CATS  Nn  60,63, 76, 7B 
(MONAURAL) 


-2  -101  2345678910  II 
CONTRaUTS  EXPERIMENTAL  DAYS 


60 

55 

50- 

: 

[40- 


1 — t — I — r — I — t — t — I — I — 1 — I — I — I — r"  T" 

DAILY  EXPOSURE:  BROAO-BANO  NOISE 
115  OB  FOR  75  MIN 
TEST  TONE;  2000  CPS 
MRAMETER:  TIME  AFTER  NOISE 

• - •  I  HOUR 

O - O  23  HOURS 

CATS;  Nm  60,  63,  76^  78 
(MONAURAL) 


I* 

I  30- 

|25 
;  20- 
!  B 
io 


0 
-5 

OONTRaOAYS 


i^Ai4V^4ibi'ii^i^i4ibikf7 


EXPERIMENTAL  DAYS 


noun  ce.  iM«»hoU  Shiru  NMBur«4  ■•for*  and  ATwr  laeh  of  a  Sarlat  of 
tiaeauraa  to  tha  Nelta 

Per  tele  oaaa  tM  intar-axpeeura  interval  {IKl)  m»  24  heivat  eaah 
eaveauee  to  the  bread>band  nelaa  aaa  for  7*9  aunitaa  at  an  ovavall  SFL 
of  119  44.  Iha  erdlnataa  are  tha  Man  tliraoheld  Mlfta  In  4a«14ale  ra 
tha  thraahold  hafera  tha  baslnnlnc  of  tha  nparlMnt.  ilia  flllad 
ajfahela  in  all  aaaaa  are  Maauraa  taken  durlnt  l4o  parted  fraa  3Q  to 
90  BiiMtaa  after  aapaaura.  iha  open  ay^ela  rapraaant  thraaheld  ehlfta 
aahaurad  approalMtaly  23  heura  aftar  an  aapeaiva.  Iha  atralaa  on  the 
left  hand  pertlona  of  tha  papha  ahow  tha  raaulta  of  taata  an  three 
aentrol  daya  rhan  tha  nelaa  aaa  not  turned  on.  Iha  apuaraa  on  tha  left* 
hand  portion  are  tha  eoaparahla  data  polnta  for  thaaa  four  aata  after 
they  had  haan  plvan  a  alngla  aapoaura  to  tha  nelaa  for  7.9  ntnutaa 
apprenlaataly  ana  aenth  prior  to  tha  aarlaa  of  alxtaan  auaeaaalva  aa» 
paauTM.  Iha  raaulta  of  thla  alhfla.  pravteua  aapeainn  are  ahean  la 
Mre  detail  in  flooe  14  in  Chapter  v. 


After  a  four-month  rest  from  the  noise  these  cats  were  given  a  second  series 
of  eight  exposures.  The  schedule  was  the  same  as  before,  cmd  the  results,  although 
they  are  not  shown,  matched  those  of  the  last  seven  dlays  of  the  first  series,  if 
the  decline  of  TTS  during  the  first  series  represents  a  leEu?nlng  phenomena,  then 
there  was  no  forgetting  after  a  4-4nonth  rest.  After  Em  additional  1-month  rest, 
these  cats  were  exposed  to  the  uninterrupted  noise  for  2  hours.  For  the  purpose  of 
presenting  the  result  of  the  continuous  exposure,  this  group  is  referred  to  as 
Group  rvb.  (Because  Group  IVb  and  Group  I  iTocelved  the  same  continuous  exposure 
for  2  hours,  there  were  eight  cats  under  tills  condition.  The  data  for  these  eight 
cats  are  presented  here  and  in  the  previous  chapter.)  it  should  be  noted  here  that 
these  oats  in  Group  IVb  were  neither  more  nor  less  susceptible  to  the  continuous 
exposure  of  2  hours  than  those  of  Group  I  who  had  no  previous  exposure  to  the 
noise.  Thus,  if  the  oats  In  Group  IV  did  leEum  to  protect  themselves  from  the 
short,  l/^hour  exposures,  their  learning  did  not  help  them  in  the  case  of  the 
longer  2-hour  exposure. 

The  growth  of  threshold  shift  during  the  series  of  exposures  is  shown  for  all 
of  the  groups  of  this  experiment  in  figure  23.  (The  results  for  Group  IVa 
previously  shown  in  figure  22  €U*e  also  shown  in  figure  23.)  For  all  groups  these 
measurements  were  made  about  1  hour  after  each  cessation  of  the  noise.  The  solid 
symbols  are  for  the  threshold  shifts  at  4  ko,  while  the  open  symbols  show  the  shifts 
at  2  kc.  The  squttfes,  triangles,  and  circles  represent  inter-exposure  IntervEas 
(lEI's)  of  1,  6,  and  24  hours,  respectively.  First  examine  the  results  for  the 
inter-exposure  Interval  of  1  hour.  During  the  initial  four  or  five  exposures,  there 
is  only  a  slight  increase  in  the  threshold  shift.  After  exposure  number  five,  the 
threshold  shift  begins  to  increase,.  Note  that  as  this  series  was  continued  the  mean 
value  of  the  threishold  shift  reached  a  lower  bound  of  about  88  db.  Because  of  the 
short  time  between  exposures  these  cats  were  tested  at  2  kc  only  after  exposures 
No.  6,  7,  10,  and  12.  Note,  however  that  by  exposure  No.  6  the  shift  at  2  kc  is 
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large  and  about  the  same  as  the  shift  at  4  kc.  Next  examine  the  results  for  the 
Inter-exposure  Interval  of  6  hours.  Note  that  the  shift  at  4  kc  initially  increases 
and  then  slowly  decreases.  In  contrast  with  other  groups,  this  condition  results 
In  rou^ly  constant  threshold  shift  at  4  kc.  The  shift  at  2  kc,  however,  follows 
a  different  course.  After  exposures  No.  1,  2,  and  3  little  shift  Is  observed  at 
2  kof  but  after  the  fourth  exposure,  the  shift  at  2  kc  suddenly  becomes  about  as 
large  as  the  shift  at  4  kc.  While  the  significance  of  this  Jump  In  the  threshold 
shift  at  2  kc  Is  unknown.  It  may  mark  the  beginning  of  permanent  Injury, 

Comparisons  among  the  conditions  for  this  portion  of  the  experiment  show  that 
the  threshold  shifts  measured  during  such  a  series  of  exposures  may  Increase,  remain 
approximately  constant,  or  decrease. 


NUMBER  OF  EXPOSURES  TO  NOISE 


nouRg  >3. 


Iha  Orewth  at  itirBshalg  Shift  Ouring  a  Sanaa  af  tittaen 
npaaiMa  to  tha  mas  <hnS  Haiaa 


M  aapeaun  la  at  m  avamll  sn.  of  IIS  far  a  SunUaa  af  r.5 


Recovery  and  PTS  for  Spaced  Exposures 


The  build-up  of  the  threshold  shift  during  the  series  of  exposures  was  shown 
above.  Figure  24  shows  the  recovery  from  threshold  shift  after  the  final  expostire 
In  the  series.  The  top  two  curves  display  for  the  continuous  exposures  the 
recovery  of  the  mean  thresholds,  as  shown  by  the  reduction  In  the  mean  threshold 
shifts.  The  bottom  three  curves  show  the  recovery  after  the  series  with  inter¬ 
exposure  Intervals  of  1,  6,  or  24  hours.  It  can  be  seen  that  orderly  recovery 
curves,  which  are  asymptotic  to  values  above  zero,  are  obtained  for  the  topmost 
four  curves,  while  the  24-hour  spacing  resulted  In  little  or  no  775’.  All  of  the 
data  on  recovery  from  the  spaced  expos\u’es  are  consistent  with  those  found  for 
continuous  exposures}  that  Is,  the  more  severe  the  threshold  shifts,  the  longer 
the  period  of  recovery.  Recovery  to  an  asymptotic  value  Is  complete  in  all  cases 
by  36  days  after  exposure. 

The  relation  between  mean  TO?  and  the  inter-exposure  interval  Is  shown  In 
figure  25.  Symbols  on  this  figure  represent  the  results  for  Individual  cats  and 
the  mean  of  each  group  Is  shown  by  the  line.  Inspection  of  this  curve  shows  that 
while  an  Inter-exposure  Interval  of  one  hoiu*  reduces  the  meem  ?T5,  the  Inter¬ 
exposure  Interval  must  be  extended  beyond  six  hours  If  all  cats  are  to  be  protected 
from  persistent  threshold  shifts.  It  Is  app8u*ent  then,  that  for  exposure  schedules 
similar  to  those  used  here,  a  very  small  duty-cycle  of  the  order  of  1.0  percent  or 
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0.5  percent  is  required  In  order  to  reduce  n?  to  nearly  zero  for  all  cats.  An 
electrophyslologlcal  Investigation  by  Eldredgei  Covell,  and  Oannon  (ref.  l4) 
supports  this  view.  For  equated  total  exposure  energy,  a  28  percent  duty-cycle 
and  a  100  percent  duty-cycle  were  equally  Injurious  for  Intense  exposures. 


nom  24.  Reeovary  of  the  Threshold  After  a  Series  of  Sixteen  ti9o«B>ed 
to  the  Broad-Sand  Melee 

each  exposure  was  at  an  overall  sn.  of  119  db  for  a  dtsailon  of  7.9 
Blnutea.  The  abaelsaaa  are  the  da^s  after  the  laat  expestape  in  the 
aeries,  while  the  ordinates  are  the  threahold  ahiCM  averaasd  over 
the  eight  octave  stepa  froa  129  to  16,000  ops  ((n).  The  paraaeter  la 
the  Interval  between  the  aueceaaive  expoaures.  Mete  that  for  the 
continuous  condition,  the  syebols  with  hats  should  be  taken  aa  lower 
bounds  on  the  aawplo  swans. 


Piams  29.  Meduetion  in  1R  with  Increasing  Intai  Bipneiire  interval 

The  aywkels  show  Uw  raaulU  for  indivigual  eaU.  wKlle  the  lines 
ooexveot  the  gro»w  asana.  The  abaeleaas  are  t^  inter  aspnaure  inter¬ 
vals  in  houret  the  ordinates  are  valoea  of  ns  In  daeibeln.  The  tinea 
after  exposure  at  aiiieh  ths  ns'a  were  aeaaapsd  are  ahewn  on  the  figure, 


It  Is  Interesting  to  note  the  equivalent  continuous  exposure  for  each  of  the 
Inter-exposure  Intervals.  The  Inter-exposure  Intervals  and  their  equivalent 
continuous  durations  are  respectively  as  follows!  0  hour,  12o  mlnutesi  1  hour, 

48  minutes I  6  hours,  24  minutes f  24  hours,  9  minutes.  These  values  were  found  by 
Interpolation  on  figure  16. 

The  wide  Individual  differences  In  susceptibility  to  the  noise  exposwe  should 
be  noted.  As  In  the  case  of  the  contlnvious  exposures,  these  cats  differed  only 
slightly  In  their  auditory  sensitivity  before  exposure  to  the  noise.  Although  sn 
analysis  of  variance  allows  us  to  Infer  that  the  downward  trend  which  Is  present  In 
the  graph  Is  present  In  the  population.  It  Is  obvious  that  the  course  of  this  down¬ 
ward  trend  Is  only  crudely  established  by  these  variable  ssunple  data. 

Table  IX  shows  the  mean  values  of  PTS  for  each  of  the  conditions  of  the 
present  esqjerlment .  Also  shown  are  the  standard  errors  of  the  mean,  (T'p  and 
that  are  based  on  the  Intra-  and  Inter-cat  variances,  respectively. 

Table  X  shows  the  Injury  ratings  for  these  animals.  These  findings  are 
consistent  with  the  audlometrlc  data  of  this  section. 

The  meem  PTS  audiograms  for  the  several  Inter-ejqposure  Intervals  are  shown  In 
figure  26.  The  shapes  of  these  audiograms  do  not  seem  to  differ  significantly  from 
those  resulting  from  continuous  exposure  to  noise.  It  should  be  noted  again  that 
the  major  loss  falls  between  l.o  and  4.o  kc. 
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TABLE  IX 

PERSISTEMr  TWtESHOLD  SHIPTS  AnOt  SPACED  EXPOSURES  TO  THE  BROAD-BAND  NOISE 
POR  EACH  imiR^POSURE  INTDtVAL  (in) 

Ih»  (tandwd  •rrora  of  tho  muis  boood  on  tin  Intor-eat  vorioneo,  and  tin  Intra-eat  varlaneot  Cg,  aro  alao  ahowi. 


Oroup 

lEl 

0.125 

0.25 

0.5 

Praquaney  In  Kllocyelai/Saeond 

1.0  2.0  4.0  8.0 

16.0 

32.0 

PTS 

I 

0 

PTS 

16.2 

23.0 

42.8 

53.2 

49.7 

47.6 

47.4 

25.7 

>38.2 

38.2 

■ 

6.31 

6.16 

6.45 

6,06 

7.00 

8.53 

7.94 

16.11 

- 

3.97 

IVb 

0 

PTS 

14.6 

19.6 

30.2 

48.7 

54.9 

56.7 

4o.4 

35.9 

>39.4 

37.6 

2.69 

5.37 

11.44 

12.60 

4.31 

2.57 

9.83 

11.60 

- 

6.03 

II 

1 

PTS 

6.0 

6.8 

13.2 

17.0 

22.5 

26.6 

11.0 

2.6 

-0.8 

13.2 

rm 

4.02 

5.64 

9.93 

■..59 

8.50 

11.31 

6.57 

3.77 

3.20 

5.74 

III 

6 

PTS 

0.2 

4.8 

9.2 

16.8 

16.0 

14.0 

-1.0 

-2.25 

2.25 

7.2 

1.44 

1.89 

4.27 

9.99 

9.70 

7.94 

0.82 

2.16 

1.38 

3.06 

iva 

24 

PTS 

2.2 

2.0 

1.1 

0.6 

0.0 

5.9 

4.2 

-2.0 

-2.4 

2.3 

2.33 

0.96 

2.75 

0.60 

1.74 

2.59 

2.71 

0.65 

1.01 

0.61 

9%. 
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l.C  ka  . 

X  •  0  * 

1.7  ii 

2.2  da 
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do 
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MEAN  THRESHOLD  SHIFT 


TABLE  X 


MEAN  INJURY  RATINGS  P(»  COCHLEAS  OP  CATS  EXPOSED  TO  THE 
BROAD-BAND  NOISE  VOR  TWO  HOURS 

Data  are  shown  for  continuoiis  and  for  spaced  exposures  with  ISI's  of  1  and  6  hours. 

Location  of  Injury 

III  II  I 

A  U  M  L  U  M  L 

mm  from  R.W. 


lEI'" 

Number 
of  cats 

(Mean) 

20.5 

0.15 

17.0  15.3  13.5  10.8  7.5 

Equivalent  Frequency  in  kc/Second 
0.7  1.09  1.7  3.4  7.6 

4.5 

17.0 

12 

I 

2.88 

1.79 

2.13 

2.88 

3.67 

3.83 

3.04 

2.88 

m 

0.16 

0.11 

0.14 

0.19 

0.24 

0.28 

0.28 

0.33 

1 

4 

I 

2.25 

1.63 

2.13 

2.75 

3.25 

2.63 

2.0 

1.38 

m 

0.29 

0.12 

0.24 

0.48 

0.32 

0.37 

0.34 

0.24 

6 

4 

I 

1.77 

1.50 

1.88 

2.00 

2.13 

2.00 

1.63 

1.25 

m 

0.l4 

0.20 

0.12 

0.35 

0.24 

0.20 

0.12 

0.14 

Histological  data  not  available  for  animals  with  lEI  of  24  hours,  since  these 
cats  were  given  an  additional  continuous  exposure. 

Same  data  as  those  shown  in  table  VII  for  trained  cats  given  a  2-hour  exposure 
which  was  continuous. 


TEST-TONE  FREQUENCY  IN  KILOCYCLES 


0J29  0.29  0.9  1.0  2.0  4.0  9.0  19.0  92.0 
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one  other  interesting  relation  was  suggested  In  these  data.  Differences  In 
PTS's  anong  cats  were  positively  correlated  with  their  CTS's  measured  2  hours  after 
the  final  exposure  In  the  series.  This  relation  was  noted  for  both  the  1-hour  and 
the  6-hour  Inter-es^osure  Intervals*  but  the  Intercept  of  the  regression  line 
depends  on  the  experimental  condition.  For  example*  If  the  average  FTS  for  2.0  and 
4.0  kc  be  30  db*  then  the  corresponding  CTS's  measured  2  hours  after  exposure  would 
be  about  55  db  and  85  db  for  the  6-hour  and  the  1-hour  Inter-exposure  Intervals* 
respectively.  Table  XI  summarizes  the  data  relevant  to  this  point.  If  these 
trends  be  true*  then  to  predict  PTS's  from  CTS's  the  exposure  conditions  would 
have  to  be  specified. 


TABLE  XI 

COMPOUND  THRESHOLD  SHIFTS  AND  PERSISTENT  THRESHOLD  SHIFTS 
AFTER  A  SERIES  OF  SPACED  EXPOSURES  TO  NOISE 

CTS  is  the  mean  of  the  CTS's  measured  2  hours  after  exposure  at  2  ke  and  h  ke.  The  PTS  la  the 
corresponding  average  of  the  threshold  shifts  84  days  after  exposure,  while  PTS  is  the  average  across 
frequencies.  Results  are  shown  for  inter-exposure  intervals  of  1  and  6  hours. 


lEI 

CAT 

"^Sghr. 

PTS 

PT? 

72 

64.8 

1.0 

2.8 

1  hr. 

50 

77.8 

16.5 

6.0 

69 

85.5 

41.5 

16.0 

39 

98.5 

39.5 

28.2 

52 

-4.0 

3.0 

0.0 

6  hr. 

56 

39.0 

3.5 

5.8 

74 

57.8 

23.5 

8.4 

62 

52.0 

30.0 

14.8 

Discussion 


The  experiment  reported  above  was  designed  to  provide  Information  concerning 
the  effects  of  Interspersing  silent  Intervals  between  exposures  to  noise.  In  the 
case  of  TTS  It  has  been  shown  that  rest  Intervals  reduce  the  TTS  present  at  the 
completion  of  a  series*  see  for  example  Weu'd*  Glorlg*  and  Sklar  (refs.  37*  4o). 

But  this  finding  Is  expected  for  TTS,  since  TTS  by  Its  nature  and  definition  Is  a 
quantity  which  does*  In  fact*  recover  In  the  absence  of  sufficient  stimulation.  In 
the  case  of  PTS*  It  was  not  at  all  obvious  that  breaking  up  an  exposure  by  rest 
Intervals  would  reduce  the  total  peimianent  Injury.  For  PTS  by  Its  definition  is 
persistent  and  It  Is  not  clear  that  rest  Intervals  should  somehow  allow  recovery 
from  It. 

Nevertheless*  the  data  that  have  Just  been  presented  show  that  both  CTS  and 
PTS  decrease  with  Increases  In  the  duration  of  the  silent  Interval  between 
successive  exposures  to  the  noise.  While  trying  to  analyze  this  experiment*  it 


became  apparent  that  an  understanding  or  conception  of  the  processes  underlying  the 
build-up  of  PTS  or  Injury  during  a  series  of  spaced  exposures  depends  on  an  under¬ 
standing  or  conception  of  the  processes  underlying  the  results  of  the  simpler 
experiment  of  increasing  the  duration  of  a  continuous  exposure  to  noise. 

Stochastic  Models  -  Why  does  Increasing  the  duration  of  an  exposure  to  noise 
Increase  the  amount  of  Injury?  While  the  answer  to  this  question  Is  not  known.  It 
Is  clear  that  the  role  of  the  duration  of  an  exposure  depends  upon  the  Injurious 
action  of  the  noise,  two  views  of  this  action  are  sketched  below  and  their  Impli¬ 
cations  are  discussed,  one  view  Is  that  during  any  very  short  period  of  time  the 
probability  of  permanent  Injury  to  a  particular  sensory  element  of  the  Inner  ear 
depends  on  the  spectral  and  Intensive  properties  of  the  noise  and  that  this  proba¬ 
bility  Is  Independent  of  the  duration  of  the  noise.  According  to  this  view,  an 
increase  In  the  duration  of  an  exposure  Increases  the  opportunities  for  Injury  and, 
therefore,  the  total  number  of  permanently  Injured  sensory  elements  Increases  with 
the  duration  of  the  exposure.  A  mechanical  conception  which  corresponds  to  this 
view  would  be  that  on  any  portion  of  the  basilar  membrane  a  measure  of  Its  motion 
controls  the  probability  of  Injury. 

A  second  view  of  the  Injurious  action  of  the  noise  differs  from  the  first  In 
that  the  momentary  probability  of  permanent  Injury  to  a  sensory  element  depends  on 
the  element's  history  of  exposure  to  noise.  According  to  this  notion  an  element 
has  more  than  the  two  states  of  being  either  normal  or  permanently  Injured.  A 
third  state,  a  susceptible  state.  Is  conceived.  One  can  Imagine  a  susceptible  state 
of  a  sensory  element  as  either  metabolic  change  with  structure  remaining  normal,  or 
as  an  Injury  which  would  heal  If  further  Insult  be  prevented,  (it  should  be  noted 
that  the  "susceptible  state"  could  be  represented  as  a  series  of  sub-lethal  Injuries 
graded  from  slight  to  severe.)  While  In  the  susceptible  state,  a  sensory  element 
has  an  increased  probability  of  being  permanently  injured.  Furthermore,  an  element 
can  return  from  the  susceptible  state  to  the  normal  state,  that  Is,  an  element  can 
recover.  By  these  notions  the  proportion  of  elements  permanently  Injured  during  a 
short  interval  will  depend  not  only  on  the  spectral  and  Intensive  properties  of  the 
noise,  but  also  on  the  number  of  elements  In  the  susceptible  state.  The  number  of 
sensory  elements  In  the  susceptible  state  will  In  turn  depend  on  the  preceding 
duration  of  a  continuing  exposure  or  on  the  opportunity  for  recovery  from  a  previous 
exposure  to  the  noise.  By  this  conception  the  noise  must  do  some  work  to  get  an 
element  Into  a  susceptible  state,  and  If  recovery  Is  allowed,  this  work  can  be 
vitiated.  Our  data  seem  to  support  this  second  conception  of  the  process.  Never¬ 
theless,  It  may  be  that  the  first  conception  of  the  process  Is  closer  to  the  truth 
in  the  case  of  very  Intense  sounds,  that  Is,  It  seems  to  us  that  extremely  Intense 
sounds  should  be  able  to  permanently  Injure  sensory  elements  Immediately  without  an 
Intermediate  step  of  susceptible  state  or  of  sublethal  Injury. 

protective  Mechanisms  -  There  Is  another  possible  explanation  of  the  results  of 
our  experiment.  The  cat  can  protect  his  Inner  ear  from  sound  by  closing  his 
external  ear  and  by  contraction  of  his  Intra-aural  muscles  as  has  been  mentioned  by 
Hawkins,  Lurie,  and  Davis  (ref.  18).  one  ml^t  conjecture  that  these  protective 
mechanisms  adapt  during  a  continuous  2-hour  exposure,  but  do  not  adapt  nearly  so 
much  during  a  short,  1/8-hour  exposure  to  the  noise.  If  the  reeovezv  of  the 
protective  mechanisms  depends  on  the  lnter-e:q>osure  Interval,  then  cats  receiving 
widely  spaced  exposures  would  have  more  active  protective  mechanisms  during  a 
greater  proportion  of  the  on-tlme  of  the  noise  than  those  cats  receiving  less  widely 
spaced  exposures.  Thus,  the  more  widely  the  exposures  are  spaced,  the  lower  the 
expected  level  of  stimulation  to  the  Inner  ear.  It  seems  to  us  that  for  the  long 
silent  Intervals  of  the  present  experiment,  recovery  of  the  protective  mechanisms 
during  the  silent  Intervals  would  not  be  very  different  for  the  l-hoia*,  S-hovir,  and 
24-hour  lnter-e]Q>osure  Intervals.  Therefore,  we  believe  that  the  role  of  protective 
mechanisms  was  not  significant  In  producing  a  difference  among  the  three  conditions 
f or  jwhlch  the^lnter-exposure  Interval  wa8_gp?eater  than  zero.  It  should  be  perfectly 
clear,  Itowever,  the  difference  between  the  continuous  exposure  and  spaced 
exposures  could  be  easily  explained  by  the  action  of  the  protective  mechanisms  of 
the  external  and  middle  ear. 
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VIII.  EFFECTS  OF  OCTAVE'^ND  NOISE  OF  LOW  FREQUENCY 


The  broad-band  noise  of  the  previous  experiments  produced  effects  In  the  range 
from  125  to  500  cps  which  were  surprisingly  large.  A  mean  PTS  of  about  32.0  db  was 
found  at  500  cps  after  the  continuous  exposures  of  2-  and  8-hours,  euid  an  Individual 
cat  had  a  PTS  asthlgh  as  6l.o  db  at  this  frequency.  For  these  same  exposures 
Injury  ratings  for  the  apex  and  the  vqpper  part  of  Turn  II  attained  mean  values  of 
1.79  to  2,15 1  and  Individual  ratings  as  high  as  3.0  were  noted  for  this  portion  of 
the  basilar  membrane.  If  the  noise  energy  In  the  frequency  region  near  500  cps  Is 
largely  responsible  for  these  PTS's  and  Injuries,  then  It  should  be  possible  to 
produce  them  by  exposvure  to  an  octave-band  of  noise  (300-600  cps).  If  the  spectrum 
levels  In  the  pass-band  match  those  of  the  broad-band  noise.  The  experiments  of 
this  section  were  designed  to  Investigate  this  possibility. 

As  a  first  step  In  these  experiments,  the  masking  pattern  of  the  low-frequency 
noise  was  measured.  It  Is  believed  that  these  measurements  give  an  estimate  of  the 
pattern  of  stimulation  Induced  by  the  noise.  After  the  masking  data  were  obtained, 
the  cats  were  exposed  to  this  low-frequency  band  of  noise  and  the  post-exposure 
threshold  shifts  were  measured. 


Subjects  and  Apparatus 


The  loudspeakers  used  to  produce  the  deafening  noise  of  the  previous  experi¬ 
ments,  see  Chapter  IV,  were  placed  In  the  audlometrlc  booth.  The  speakers  were 
"aimed"  at  the  double-grill  cage.  The  exposiores  to  the  noise  were  administered  in 
the  double-grill  cage  and  not  In  the  reverberant  room.  To  produce  the  octave-band 
noise  the  filtered  output  of  a  noise  generator  was  amplified,  and  placed  across  the 
speakers.  An  estimate  of  the  spectrum  produced  In  this  way  is  shown  in  figure  11 
of  Chapter  IV.  This  estimate  was  based  on  the  following*  (a)  the  assumption  that 
the  response  of  the  loudspeaker  was  flat  In  this  region;  (b)  the  fact  that  the 
frequency  response  of  the  filters  was  measured  and  known;  (o)  the  fact  that  overall 
level  of  the  noise  was  measured  at  16  positions  distributed  throughout  the  double¬ 
grill  cage.  The  median  value  of  the  overall  SPL  was  taken  as  the  SPL  of  this 
octave-band  of  noise.  The  teat  tones  were  produced  in  the  usual  way. 

Eight  cats  were  used  In  these  experiments.  Pour  of  these.  Numbers  53,  59#  6l, 
and  70,  had  been  used  in  an  extensive  study  of  masking  of  tones  by  noise  reported 
by  Watson  (ref.  4l),  and  they  had  also  undergone  three  brief  exposures  to  the 
broad-band  noise.  These  previous  exposures  produced  only  TTS.  The  oats'  audio¬ 
grams  were  normal  at  the  time  of  the  present  experiments.  The  other  four  cats. 
Numbers  75,  79,  98,  and  99,  had  not  been  used  In  previous  experiments. 


Masking 


Masked  thresholds  in  the  presence  of  the  band  of  noise  (300-600  cps)  were 
determined  for  each  of  four  overall  SPLs  of  the  noise,  70,  85,  95,  and  105  db. 

When  the  noise  was  at  Its  highest  level,  105  db,  the  limitations  of  the  audiometer 
made  it  Impossible  to  measure  thresholds  near  the  center  of  the  noise-band;  thus, 
these  thresholds  had  to  be  estimated  from  the  masking  within  the  pass  band  of  the 
noise  when  the  overall  level  of  the  noise  was  95  db  or  less.  For  this  purpose  it 
was  assxaned  that  the  slgnal-to-noise  ratio  remains  constant  at  the  masked  threshold. 
When  masked  thresholds  were  measured  at  the  95-db  and  105  db  levels  of  the  noise, 
only  one  measurement  was  made  per  cat  per  session,  and  for  each  cat  the  time  between 
sessions  was  about  4o  minutes.  In  this  way  the  possibility  of  injury  being  produced 
during  the  masking  experiments  was  held  extremely  low.  All  eight  cats  were  used  for 
the  measurements. 
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The  results  of  this  experiment  are  shown  In  figure  27.  On  this  figure  the 
ordinates  are  the  threshold  values  of  the  signal  in  SPL.  Along  the  top  of  the 
graph  the  distance  along  the  cochlear  duct  is  shown  In  millimeters  from  the  round 
window.  On  the  bottom  of  the  chart,  frequencies  are  marked  at  their  probable 
locations  of  maximum  stimulation.  (Throughout  this  chapter  the  anatomical- 
frequency  scale  that  was  developed  by  Schuknecht,  ref.  28,  Is  used.)  The  mean 
masked  thresholds  are  shown  by  the  symbols  connected  by  the  heavy  lines.  The 
dotted  lines  show  the  estimated  spectrum  plus  the  slgial-to-noise  ratio  at  masked 
threshold  for  a  uniform  noise  measured  by  Watson  (ref.  4l).  The  audibility  curve 
for  these  cats  is  also  shown.  The  Inset  shows  masking,  the  difference  between  the 
masked  and  the  quiet  thresholds  for  the  noise  at  an  SPL  of  105  db. 
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nAiT.£  27.  {{asking  Pattern  of  a  ico-Uio  spa  3and  of  T-.enml  Noise 

Tne  ordinates  are  threshold  values  of  trie  sl^al  In  SPL.  Alcrq:  tne  up 
cf  the  craph  t.ic  distance  along  the  cochlear  duet  Is  snown  In  hi  fron 
t.'.e  round  window.  Tesutor.o  frequencies  are  Marked  on  the  bottec  of 
V.e  enart  at  Uelr  probable  loea'.iona  cf  oaxlauw  stlvjlation.  The  oear. 
values  cf  tne  aas^-.cd  thresholds  are  anown  b,  t.-ic  s.^ola  connected 
faav,  straight  llnea.  Tna  dotted  lines  show  the  cstlnated  spectrum 
alus  tnc  sit^al-tb-noise  ratio  at  aaaked  thraahcld  as  naasursd  Watson 
(rtf.  41).  The  curve  nearest  the  bottoa  of  the  draph  shows  the  audl- 
i.Ut.  curve  for  the  cats  of  this  axparlnant.  The  Inaet  shows  the  aask- 
Ifta,  the  difference  between  tne  wasked  and  quiet  thresholds,  for  ths 
105*^0  SPL  of  the  noise.  Sac.i  syabol  or.  this  figure  represents  th« 

■■an  of  Measurements  aadc  on  eight  cats. 


Please  note  that  from  0.25  to  2.0  kc  there  Is  a  close  correspondence  between 
the  dotted  lines  emd  the  solid  lines.  Thus,  over  a  broad  range  of  frequencies  the 
relative  values  of  the  masked  thresholds  may  be  anticipated  from  the  knowledge  of 
the  spectrum  and  the  slgnal-to-noise  ratios  of  Watson's  previous  experiment. 

The  discrepancies  between  the  observed  and  predicted  masked  thresholds  will 
now  be  discussed.  First  consider  the  results  for  the  frequencies  near-to  or  In¬ 
cluded  In  the  pass-band,  0.25,  0.35,  0.5,  and  0.7  kc.  In  this  case  the  70,  85,  and 
95  db  levels  produce  about  2  to  4  db  more  masking  them  measured  by  Watson.  While 
the  reason  for  this  dlscrepemcy  Is  unknown.  It  should  be  noted  here  that  Watson 
measured  signal- to-nolse  ratios  In  terms,  of  voltages  across  the  voice  colls  of  the 
loudspeeikers,  since  the  same  loudspeeOcers  were  used  for  tones  emd  noise.  The 
signal- to-nolse  ratio  of  the  present  experiments  depends  on  the  acoustic  cali¬ 
brations  of  both  the  tones  and  the  noise,  since  separate  sources  were  used. 
Certainly,  In  the  present  situation,  these  acoustic  measurements  are  more  subject 
to  error  than  are  the  electrical  measurements  of  V/atson. 

For  the  teat-tone  frequency  of  125  cps  em  unexpected  result  was  Obtained .  The 
obtained  masking  was  gi'eater  than  the  predicted  amount  by  27  db.  A  listening  test 
showed  that  hum  or  a  resonance  could  not  account  for  this  27-db  discrepancy.  Also, 
additional  threshold  tests  verified  the  values  of  masked  thresholds.  This  finding 
deserves  further  Investigation.  It  may  be  that  this  large  amount  of  masking  Is 
similar  to  the  remote  masking  of  Bllger  and  Hirsh  (ref.  2). 


44 


The  source  of  masking  present  a€  frequencies  above  2.0  kc  Is  unknown^  because 
neither  the  noise  spectrum  nor  the  response  of  the  filter  was  examined  above  this 
frequency. 

The  lowest  curve  of  figure  2?  shows  the  quiet  absolute  thresholds  for  these 
cats.  The  difference  between  the  quiet  and  the  masked  thresholds  are  shown  In  the 
inset  for  the  105-db  noise.  It  can  be  seen  that  masking  Is  produced  over  a  broad 
range  of  frequencies  and  that  the  peak  In  the  masking  curve  Is  at  about  700  cps. 


Effects  of  Short  and  Prolonged  Exposures  to  the  Noise 


All  of  the  eight  cats  were  exposed  to  the  noise  at  the  105-db  level  for  1/8- 
hour.  Threshold  tests  were  made  at  0.35«  0.5*  1.0,  2.0*  and  4.0  kc  before  and 
during  the  period  from  1?  to  42  minutes  after  the  exposure.  The  order  of  frequen¬ 
cies  was  randomized.  The  mean  TTS's  were  -0.625*  -1.25*  -0.625*  0.0*  -1.875  from 
the  low  to  high  frequencies*  respectively.  Thus,  no  TTS  could  be  measured  at  about 
1/2  hour  after  the  exposure. 

The  cats  were  then  divided  Into  two  groups  of  four  cats  each.  One  group*  the 
8-hour  group*  was  exposed  to  the  105-db  noise  for  8  ho\a*s*  while  the  other  group* 
the  48-hour  group*  was  exposed  to  the  same  noise  for  48  hours.  As  In  the  previous 
experiments  designed  to  produce  PTS*  post-exposure  testing  followed  the  schedule 
given  In  table  V. 

Neither  group  suffered  einy  slQilflcant  PTS*  that  Is  the  threshold  shifts  of 
all  cats  were  netu*  zero  when  measured  at  84  data  after  exposure.  Injury  ratings 
were  done  for  these  cats'  cochleas  even  though  no  PTS  had  been  measured.  These 
ratings  suggest  that  permanent  Injuries  were  present  In  the  upper  part  of  Turn  I 
and  the  middle  and  lower  parts  of  Ihuni  II.  These  data  are  shown  In  figure  28; 
also  shown  are  the  comparable  results  for  the  2-hour  exposure  to  the  broad-band 
noise  that  was  continuous  In  time.  The  symbols  joined  by  solid  lines  show  the  PTS 
resiats*  while  those  joined  by  the  dashed  lines  show  the  mean  Injury  ratings.  Prom 
this  figure  It  Is  obvious  that  even  though  the  low-frequency  noise  was  on  continu¬ 
ously  for  periods  longer  than  the  broad-band  noise  by  factors  of  4  and  24*  only 
negligible  threshold  shifts  could  be  measured.  The  histological  findings  are* 
nonetheless*  that  slight  Injuries  occurred  In  the  upper  part  of  Turn  I  and  In  the 
lower  and  middle  portions  of  Turn  II.  These  Injuries  eu:‘e  about  the  same  as  those 
noted  after  exposure  to  the  broad-band  noise  for  1/2  hour. 

The  location  of  the  Injury  does  not  seem  to  be  coincident  with  the  mapped 
location  of  the  peak  of  the  noise*  or  the  masking  audiogram*  or*  as  It  will  be 
shown*  with  the  peaks  of  the  ITS  findings. 

The  TTS  measured  after  the  8-  and  48-hour  exposures  will  now  be  discussed. 
Figure  29  shews  the  TTS  during  the  first  few  weeks  after  the  48-hour  exposure.  In 
panel  A  of  this  flgwe  audiograms  of  Individual  cats  are  displayed.  Note  that 
three  of  the  four  oats  have  audiograms  with  two  peaks;  that  Is*  a  low-frequency  dip 
between  0.25  and  1.0  kc  and  a  high  frequency  dip  between  4.0  euid  16.0  kc  are 
observed.  One  of  the  cats*  No.  53*  displays  a  single  dip  at  about  1  kc.  Panel  B 
shows  the  mean  audiograms  for  this  group  at  various  times  after  exposure.  Note 
that  both  dips  are  retained  as  recovery  proceeds. 

These  results  were  not  obtained  after  the  8-hour  exposure,  in  this  case 
small  shifts*  usually  less  than  10  db*  were  measured  one  day  after  the  exposure. 
These  small  but  definite  shifts  were  spread  throughout  the  frequency  range.  By 
7  days  after  the  exposure  these  shifts  were  all  within  normal  limits.  One  excep¬ 
tional  result  should  be  noted;  one  day  after  exposure  cat  No.  70  had  a  large  TTS 
of  42  db  at  8.0  kc.  This  shift  persisted  throu^  the  second  post-exposure  day*  but 
by  7  days  after  exposure  It  had  disappeared. 
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Sxinmary  and  Conclusions 


In  this  set  of  experiments  the  masking  pattern  of  an  octave-band  of  thermal 
noise  (300-600  cps)  was  measured  for  an  overall  SPL  of  105  db.  These  results  show 
that  the  relative  values  of  the  masked  thresholds  can  be  anticipated  near  and  above 
the  center  frequency  of  the  band.  If  the  spectrum  of  the  noise  and  the  slgnal-to- 
nolse  ratio  at  masked  threshold  for  tones  at  the  center  of  a  broad-band  of  noise 
are  known.  Nonetheless,  unexpectedly  large  amounts  of  masking  were  measured  at  the 
lowest  frequency  of  125  ops. 

Exposure  of  the  cats  to  this  octave-band  noise  for  1/8  hour  produced  no 
measurable  effects  on  the  threshold  at  about  1/2  hour  after  the  exposure. 

Four  of  the  cats  were  exposed  to  this  noise  for  8  hours,  while  the  remaining 
four  were  exposed  for  48  hours.  In  most  cases  the  8-hour  exposure  produced  sll{^t 
threshold  shifts  (less  than  10  db)  throughout  the  frequency  range.  These  threshold 
shifts  persisted  for  about  two  days.  The  48-hour  exposure  produced  more  marked 
threshold  shifts  (up  to  68  db)  which  recovered  over  a  period  of  about  two  weeks. 
Three  of  the  four  cats  showed  both  a  low-frequency  dip  between  0.25  and  1.0  kc  as 
well  as  a  high-frequency  dip  between  4.0  and  16. 0.  Neither  exposvire  produced  any 
FTS's  which  could  be  confidently  accepted  as  greater  than  zero. 

What  appear  to  be  slgilf leant  Injury  ratings  were  noted  for  both  the  8-  and 
48-hour  exposure  to  this  noise.  These  injvirles  were  In  the  upper  part  of  Turn  I 
and  In  the  middle  and  lower  portions  of  Turn  II  which  correspond  to  frequencies  of 
about  1.0  and  2.0  kc. 
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Thus,  masking  has  a  peak  about  700  ops,  TTS  is  widespread  with  possible  peak 
effects  above  and  below  l.o  kc,  PTS  appears  to  be  zero,  and  Injtirles  were  noted  In 
a  region  of  the  basilar  membrane  corresponding  to  1.0  and  2.0  ko.  At  the  present 
time  the  relations  anong  these  variables  ar«  not  understood.  It  may  be  that 
analysis  like  that  of  Tonndorf  (ref.  35)  of  the  response  of  the  basilar  membrane  to 
noise  will  aid  In  the  clarification  of  these  puzzling  relations. 

The  octave-band  noise  of  these  experiments  and  the  broad-band  noise  of  the 
previous  experiments  showed  nearly  Identical  spectrpm  levels  In  the  region  from 
300  to  600  cps.  In  this  frequency  range,  however,  no  PTS  was  produced  by  the 
octave-band  noise,  while  large  PTS's  were  measured  after  exposure  to  the  broad¬ 
band  noise.  Although  thie  locations  and  magnitudes  of  the  Injury  ratings  are  puzzl¬ 
ing,  those  obtained  after  exposure  to  the  octave-band  noise  are  very  much  less  than 
those  obtained  after  exposure  to  the  broad-band  noise. 

The  differences  between  the  effects  produced  by  the  octave-band  noise  wd 
those  produced  by  the  broad-band  noise  could  be  attributed  to  many  factors.  For 
exaii%3le,  the  exposure  to  the  broad-band  noise  was  In  a  reverberant  room,  while  the 
exposure  to  the  octave-band  noise  was  In  a  dead  roomi  thus,  different  directivity 
patterns  existed.  Or,  It  could  be  argued  that  the  particular  frequency  content  of 
the  band  was  the  critical  variable  vdilch  produced  the  differences  between  the  two 
experiments.  While  both  of  the  above  hypotheses  have  some  merit,  we  believe  that 
the  results  of  this  cliapter  suggest  that,  at  least  at  low  frequencies,  PTS  and 
Injury  are  related  to  the  bandwidth  of  the  exposure  stimulus.  If  future  experi¬ 
ments  confirm  the  importance  of  bandwidth,  then  It  will  be  interesting  to  determine 
the  relative  Importance  of  the  associated  variables  of  overall  level  and  peak 
factor . 
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IX.  HISTOLOGICAL  FINDINGS 


The  Scale  for  Judging  Degrees  of  injuries 


The  Injuries  to  the  organ  of  Cortl  that  were  observable  by  our  methods  ranged 
from  complete  destruction  to  barely  discernible  alterations  of  the  supporting  and 
sensory  cells.  The  minimum  amount  of  change  that  Is  recognizable  by  light  micros¬ 
copy  and  the  usual  hematoxylin  and  eosln  stains  consists  primarily  of  a  swelling  of 
cytoplasm,  vacuolization,  and  minor  displacements  of  cells,  it  Is  extremely 
difficult  to  Judge  minor  changes  and  It  may  be  that  further  study  by  hlstochemical 
methods  and  electron  microscopy  will  explain  differences  that  now  exist  between 
minor  Injuries  and  the  functional  tests  of  the  present  data,  on  the  other  hand.  It 
seems  to  us  that  the  presence  or  absence  of  moderate  to  severe  injuries  can  be 
determined  with  reasonable  certainty  by  ordinary  histological  methods. 

The  scale  by  which  Injuries  were  Judged  Is  described  below.  Given  In  this 
description  are  those  effects  of  Intense  sound  which  served  as  the  principal 
criteria  for  each  grade  of  Injury.  There  are  other  features  of  the  Inner  ear  which 
may  Influence  the  Judging  and  these  are  discussed  later. 


Grade  1.0.  No  discernible  changes. 

Grade  1.5.  Slight  changes  are  apparent  In  supporting  cells  such  as  Delters*  and 
Internal  phalangeal.  These  are  usually  found  to  be  cytoplasmic 
vacuoles  or  Just  distinguishable  swelling. 

Grade  2.0.  Mild  to  moderate  changes  become  apparent  In  the  supporting  cells.  The 
nuclei  may  be  enlarged  and  stain  poorly  or  be  slightly  shrunken  euid  the 
cytoplasmic  changes  more  pronounced. 

Grade  2.5.  Moderate  to  severe  changes  in  supporting  cells  without  appreciable 

Injury  to  external  hair  cells.  The  Internal  hair  cell  may  be  somewhat 
altered  and  the  Internal  phalangeal  markedly  swollen.  A  partial 
collapse  of  one  of  the  tunnel  rods  Is  sometimes  present. 

Grade  3.0.  In  addition  to  the  changes  listed  above  (Grade  2.5)>  external  hair  cell 
Injury  of  slight  degree  Is  apparent.  This  consists  usually  of 
cytoplasmic  changes,  but  a  deeply  stained  and  shrunken  nucleus  or  cm 
enlarged  and  poorly  stained  nucleus  may  be  present. 

Grade  3.5.  Nuclear  and  cytoplasmic  changes  In  Delters*  cells  become  marked  and 
occasionally  these  cells  are  loosened  from  the  basilar  membrane. 
External  hair  cell  changes  are  apparent  to  a  moderate  degree  although 
the  organ  of  Cortl  and  Its  reticular  lamina  are  not  ruptxired.  The 
tunnel  of  Cortl  may  be  almost  completely  collapsed. 

Grade  4.0.  (See  figure  3l)  Supporting  cells  may  show  moderate  to  marked  changes. 

External  hair  cells  are  extremely  altered  In  an  otherwise  Intact  organ 
of  Cortl}  an  occasional  one  may  be  missing.  The  reticular  lamina  may 
show  a  point  of  rupture. 

Grade  4.5.  This  grade  of  Injury  Is  the  gp^eatest  that  can  occur  without  complete 
rupture  and  loss  of  the  organ  of  Cortl  from  the  basilar  membrane. 

Grade  5.0.  The  external  hair  cells  and  Delters*  cells  have  been  lifted  .from  the 

basilar  membrane.  Sometlmea  the  Internal  hair  cell  and  Internal  tunnel 
r6d  remain  In  a  relatively  luialtered  state,  as  may  also  external  and 
Internal  sulcus  cells.  This  grade  of  Injury  also  Includes  Uie  complete 
loss  of  the  organ  of  Cortl  from  the  basilar  menibrane. 
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The  scale  given  above  was  used  to  rate  each  of  seven  regions  of  each  cochlea. 
The  histological  methods  for  obtaining  stained  and  mounted  sections  of  the  temporal 
^ne  weM  identical  to  those  described  for  the  guinea  pigs  by  Covell  and  Eldredge 
(ref.  4)  except  that  the  sections  of  the  oat  material  were  usually  18>20  microns  in 
thickness.  The  approximate  locations  of  the  regions  which  were  rated  are  shown  In 
figure  30.  The  lower  part  of  the  basal  turn  does  not  appear  In  this  mld-modiolar 
section.  It  should  be  recognized  that  these  regions  are  approximate  and  that 
neighboring  sections  were  often  used  to  extend  and  confirm  the  observations  made  on 
the  mld-fflodlolar  sections. 


nmt  3o.  A  IlDilelar  Saatlsn  a  cat's  Ceehiaa  Shewing  the 
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Tv*  lewar,  adigle  an«  upper  perU  of  second  tivnt  Tg»  part  ef  the 
snail  apisal  turn,  i  it. 


It  Is  worthwhile  to  compare  the  present  scale  for  the  cat  with  the  previous 
scale  developed  by  Davis  and  Associates  (ref.  8)  for  the  guinea  pig.  The  results 
for  the  guinea  pig  have  been  based  largely  on  animals  with  severe  trauma  and  short 
post-exposure  lives.  Discrepancies  between  this  scale  and  electrophyslologlcal 
tests  of  function  have  been  noted  by  Eldredge  and  Associates  (refs,  11-14)  for 
certain  exposure  conditions,  and  examination  of  the  present  series  of  oats  has 
suggested  certain  changes  In  the  scale.  These  amount  to  differences  In  the 
emphasis  placed  on  the  various  signs  of  Injury. 

Before  discussion  of  these  differences,  it  should  be  noted  that  the  data 
provided  by  the  cats'  cochleas  differed  In  two  Important  ways  from  those  previously 
obtained  from  the  guinea  pigs'  cochleas. 

The  cytoplasm  of  Delters'  cells  strains  deeper  for  the  cat  than  for  the  guinea 
pig.  Some  of  this  may  be  due  to  the  increase  In  thickness  of  the  section.  It  Is, 
therefore,  probable  that  minor  changes  In  the  cytoplasm  of  these  cells  are  detected 
more  readily  in  cat  than  In  guinea  pig. 

Unlike  most  of  the"  guinea  pig  prepeuTatlons,  nearly  all  of  the  cats  had  long 
post-exposure  lives.  It  was,  therefore,  possible  to  see  degeneration  of  spiral 
ganglion  cells  and  of  peripheral  nerve  fibers.  The  presence  of  these  degenerative 
changes  was  of  value  In  confirming  the  importance  of  the  extent  and  degree  of 
changes  In  the  organ  of  Cortl,  They  served  as  a  basis  for  the  modification  and 
extension  of  the  Importance  assigned  to  various  Injuries  observed  In  other 
structures  of  the  Inner  ear. 

The  dlfferonces  In  the  present  scale  of  injuries  and  the  previous  scale  for 
guinea  pigs  are  related  primarily  to  the  condition  of  Delters'  cells.  A  progress¬ 
ion  from  mild  changes  In  these  supporting  cells  associated  with  normal  hair  cells 
to  severe  changes  In  both  types  of  cells  seems  to  have  emerged.  Accompanying 
changes  In  cell  groups  and  membranes  other  than  Delters'  cells,  external  hair  cells, 
and  nerve  cells  have  assumed  a  position  of  somewhat  less  Importance.  Certain  of 
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these  features  which  were  previously  believed  to  be  necessary  for  a  moderate  or 
severe  grade  of  Injury  are  commented  on  below. 

Rupture  of  Relssner>s  membrane  is  not  always  consistent  with  other  signs  of 
injury,  and  it  has  been  observed  to  occur  even  with  relatively  mild  changes  in  the 
organ  of  Corti.  It  should  be  remembered  that  even  with  careful  examination  of  the 
appearance  of  the  ruptured  ends  of  a  membrane,  it  is  not  always  possible  to  differ¬ 
entiate  ruptui’es  produced  by  the  sound  from  artifacts  produced  In  the  preparation 
of  the  sections.  Stretching  or  rupture  of  one  or  both  layers  of  Relssner's  mem¬ 
brane  does  not  correlate  to  any  great  degree  with  other  slgis  of  injury. 

The  loss  of  mesothellal  cells  is  not  always  apparent  even  for  severe  grades  of 
injury.  Consistent  changes  in  these  cells  have  not  been  observed  when  slight  and 
moderate  degrees  of  injury  are  present  to  the  organ  of  Corti. 

The  Internal  hair  cell  and  its  phalangeal  cell  may  sometimes  present  few,  if 
any,  changes  in  regions  showing  marked  injury  to  the  external  hair  cells  and 
Belters'  cells.  They  may  show  marked  injury  in  regions  where  the  external  hair 
cells  and  Belters'  cells  are  relatively  unchanged.  In  other  words,  the  severity 
of  injury  to  the  internal  hair  cells  osmnot  always  be  correlated  with  the  grades  of 
injury. 

The  tunnel  of  Corti  in  the  presence  of  damaged  supporting  cells  can  undergo 
varying  degrees  of  collapse,  or  it  may  remain  fairly  well  intact  as  shown  in 
figure  31.  In  the  case  of  this  sign  of  injury,  as  in  the  case  of  the  other 
ancillary  slgjis  mentioned  above,  no  precise  relation  between  it  and  the  scale  has 
been  established. 
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Commanta  on  Findings 


In  addition  to  the  commenta  on  the  histological  findings,  which  80*6  presented 
below,  the  following  results  are  presented}  The  results  of  the  Judging  of  each 
cochlea  are  given  In  the  table  and  the  accompanying  test  of  Appendix  A}  means  and 
variances  of  the  ratings  for  cochleas  grouped  by  exposure  conditions  are  given  In 
the  relevant  portions  of  this  monographi  and  a  comparison  of  behavioral  and 
histological  findings  Is  given  In  Chapter  x. 

General  -  While  different  animals  exposed  to  the  same  conditions  often  had 
widely  ^i’fdrent  histological  findings,  the  locations  of  the  Injuries  along  the 
basilar  membrane  appear  to  be  nearly  common  to  all)  the  upper  pwt  of  Turn  I  and 
the  region  from  the  lower  Into  the  middle  part  of  Turn  II  seem  to  be  the  areas  of 
the  cat's  cochlea  that  are  most  susceptible  to  Injury  by  these  exposures.  Nonethe¬ 
less,  It  should  be  noted  that  after  the  longest  exposures  of  2  and  8  hours  severe 
Injury  sometimes  Included  the  lower  part  of  Turn  I,  and  rarely,  the  Injuries 
extended  Into  the  apical  turn. 

Comparison  on  the  basis  of  dxiratlon  of  exposure  -  The  broad-band  noise  for  1/4- 
hour  produced  changes  in  the  cat's  cochlea  that  were  very  slight.  For  the  1/2-hour 
exposiu'e  the  injuries  were  mild  In  degree,  and  with  the  exception  of  one  animal 
they  were  found  to  be  greater  than  those  found  In  the  case  of  the  1/4-hour 
exposure.  The  exposures  of  2-hour  duration  produced  moderate  tc  severe  injuries, 
and  those  for  8  hours  resulted  in  severe  Injuries. 

In  the  majority  of  the  cochleas  the  lesions  were  more  in  evidence  in  the 
middle  and  upper  portions  of  the  first  turn  and  in  most  of  the  second  turn  than  in 
other  portions  of  the  cochlea.  Approximately  one-half  of  those  exposed  for  2  hours 
also  revealed  moderate  to  severe  Injiirles  in  the  lovver  part  of  the  first  turn,  A 
pattern  similar  to  that  found  for  the  2-hour  exposures  was  also  found  for  the  8- 
hour  exposures.  In  the  latter  all  but  one  cochlea  showed  moderate  or  severe 
injuiy  In  the  lower  portion  of  Turn  I. 

In  general,  it  can  be  stated  that  the  amount  of  injury  Increased  with  the 
duration  of  exposure  to  the  broad-band  noise.  The  differences  are  greatest  between 
the  1/4-hour  and  the  2-hour  exposures,  although  the  injuries  became  slightly  more 
severe  when  the  duration  of  the  exposure  was  Increased  from  2  to  8  ho'ors. 

Duration  of  post-exposure  life  -  A  group  of  untrained  cats  was  sacrificed  2 
to  4  hours  after  exposure  to  the  broad-band  noise  at  115  db  for  2  hours.  The 
severity  of  the  lesions  was  only'  slightly  less,  in  most  Instances,  than  for  the 
trained  oats  that  had  post-exposure  lives  of  8o  to  90  days.  Fewer  of  the  untrained 
oats  showed  a  grade  of  injury  in  the  lower  part  of  Turn  I  comparable  to  that  for 
the  majority  of  the  trained  cats  with  long  post-exposure  lives. 

Spacing  of  exposures  -  Exposure  to  the  broad-band  noise  at  115  db  in  l6  doses 
of  l/y  hour  ekdh  (two'  hours  total)  with  an  inter-exposure  interval  (lEl)  of  one 
hour  resulted  in  slight  to  moderate  changes  in  three  and  moderate  to  severe 
injuries  in  the  fourth  cat,  V/hen  the  experiment  was  repeated  v/lth  a  new  set  of 
four  cats  and  the  lEI  Increased  to  6  hours,  comparatively  slight  injuries  were 
observed. 

If  the  injuries  for  the  continuous,  2-hour  exposures  are  compared  to  the 
spaced  exposures  with  the  same  total  duration,  it  is  evident  that  the  continuous 
exposures  are  more  detrimental  them  the  spaced  exposures.  These  differences  are 
more  marked  for  the  6-hour  Interval  between  exposures  than  for  the  l-hour  Interval. 

Prolonged  exposure  to  an  octave  band  -  A  narrow  band  of  low-frequency  noise 
( 300-BOO' overAii  SVL  ol'  iUb’VlP  resulted  in  slight  Injuries  when  the 
duration  of  the  exposure  was  8  hours,  and  it  resulted  in  slight  to  moderate 
changes  when  the  duration  was  48  hoxirs. 
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X.  RELATIONS  BETWEEN  TTS  AUDIOffilAMS,  PTS  AUDIOGRAMS,  W?, 
INJURY  RATINGS,  AND  C3THER  DEPENDENT  VARIABLES 


Introduction 

In  previous  chapters  the  dependent  variables  have  been  grouped  and  discussed 
in  relation  to  the  parameters  of  the  exposures.  In  the  present  chapter  the  data 
8a*e  organized  by  the  severity  of  the  average  threshold  shifts,  specifically  TTS", 
and  the  major  emphasis  Is  placed  on  the  analyses  of  the  relations  between  dependent 
variables.  This  re-examlnatlon  of  the  data  was  prompted  by  an  Inspection  of  the 
results  for  Individual  cats  which  suggested  that  knowledge  of  T*??  specified  the 
remaining  dependent  variables. 

For  most  of  the  analyses  to  be  presented  in  this  chapter,  only  data  from  cats 
exposed  to  the  broad-b£ind  noise  are  usedj  thus,  the  spectrum  of  the  noise  is  a 
constant  and  only  the  gross  temporal  characteristics  of  the  noise  are  variable. 

That  the  spectrum  was  constant  makes  more  plausible  the  necessary  working  assump¬ 
tions  that  the  relations  between  the  dependent  variables  are  largely  Independent 
of  differences  either  In  the  exposures  or  in  the  susceptibility  of  the  Individual 
cats.  In  most  Instances  the  data  do  not  seem  to  conflict  with  these  assumptions. 

In  the  course  of  the  analyses  of  the  relations  Eunong  the  dependent  variables 
the  characteristics  of  the  PTS  audiograms  are  described  in  detail.  It  Is,  there¬ 
fore,  convenient  to  Include  In  this  chapter  a  discussion  of  the  Important 
relations  between  PTS  audiograms,  the  spectrum  of  the  noise,  TTS  audiograms,  and 
CTS  audiograms. 


WS"  and  PTS  Audiograms 


The  degree  to  which  knowledge  of  the  value  of  P'ts  specifies  a  cat's  PTS 
audiogram  Is  examined  below.  In  the  course  of  this  examination  the  frequency 
characteristics  of  the  audiograms  are  described  and  Inferences  concerning  the 
growth  of  PTS  are  made. 

A  PTS  audiogram  Is  shown  In  figure  32  for  each  of  3^  cate  that  were  exposed 
to  the  broad-band  noise .  For  this  figure  the  audiograms  have  been  ordered  with 
respect  to  the  value  of  TTS",  and  the  rank  of  the  PTS  for  each  audiogram  Is  shown  by 
the  arable  numeral  In  the  upper  left-hand  comer  of  each  panel.  Also  shown  on  each 
panel  are  the  cat's  number,  the  exposure  condition,  and  the  value  of  p'PS.  On  this 
figure  C  stands  for  continuous  exposure  while  s  stands  for  spaced  exposures.  The 
inter-exposure  Interval  Is  lEI.  Most  of  these  audiograms  were  measured  84  days 
after  the  cessation  of  the  noise  exposures.  Inspection  of  figure  32  suggests  that 
the  audiograms,  when  ranked  as  they  are  by  TTST,  form  a  graded  series  of  Increasing 
severity.  After  examination  of  this  series.  It  was  decided  that  the  major  trends 
shown  by  the  audiograms  were  most  easily  described  If  the  audiograms  were  categor¬ 
ized  Into  five  classes.  The  class  of  each  audiogram  Is  given  by  the  Roman  numeral 
In  the  upper  left-hand  comer  of  each  pcmel  of  figure  32,  and  the  properties  of 
each  class  are  described  below. 

The  first  three  panels  show  the  audiograms  for  the  cats  In  Class  I.  These 
awUograms  are  almost  unaffected  by  the  noise,  and  their  ^P^'s  range  from  -2.7  to 
2.8  db. 
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Class  II  Includes  the  seven  oats  shovm  on  the  panels  ranked  4  through  10. 

The  audiograms  in  this  class  have  a  dip  at  one  of  the  octave  steps  In  the  mid- 
frequency  range,  l.o,  2,0,  or  4.0  kc,  and  Prs  ranges  from  3.0  to  9,8  db.  For  two 
of  the  cate,  the  dip  Is  at  1.0_ke>  for  two  others,  the  dip  Is  at  2.0  kct  and,  for 
the  remaining  three,  it  is  at  4.0  kc.  In  all  seven  cases  there  is  some  PTS  at  l.o 
and  2.0  kc,  while  only  three  have  significant  PTS  at  4.0  kc.  A  transition  Into  the 
next  category  Is  represented  by  the  audiogram  for  Cat  No.  Il4  shown  In  panel  10|  In 
this  case  the  dip  Is  broadening  to  Include  a  range  of  two  octaves. 

The  audio srams  In  Class  III  are  shown  In  panels  for  ranks  11  through  29|  for 
these  nine  cats,  PTS  rsuiges  from  10.9  to  22.0  db.  These  audiograms  are  character¬ 
ized  by  a  dip  that  Includes  two  of  the  octave  steps.  The  dip  Includes  1.0  and  2.0 
kc  for  one  of  the  oats,  while  for  the  remaining  eight  It  Includes  2.0  and  4.0  kc. 

The  next  four  panels,  ranks  20  to  23,  show  the  audiograms  of  Class  IV.  In 
this  class,  pTfe  ranges  from  28.0  to  32.0  db.  The  audiograms  are  characterized  by 
large  shifts  throughout  three  or  four  octaves  of  the  mid-frequency  range j  in 
Class  IV,  the  shifts  are  not  as  great  in  either  the  low-  or  the  high-frequency 
range  as  they  are  for  the  mid-frequencies. 

_  The  last  eleven  audiograms,  ranks  24  to  34,  were  all  placed  In  Class  V.  The 

pfrS's  In  Class  V  range  from  35.0  to  62.9  db,  and  the  shapes  of  the  audlogreuns  8u*e 
distinguished  by  severe  shifts  at  either  the  high  or  the  low  frequencies  as  well 
as  the  mid-frequencies.  Two  of  the  cats  present  anomalous  results.  The  shape  of 
Cat  No.  76' s  audiogram,  rank  31,  would  place  It  In  Class  IV,  but  the  large  value 
of  PTS"  places  it  In  Class  V.  The  histological  findings  for  this  animal  are 
consistent  with  the  large  threshold  shifts.  The  results  for  cat  71 »  whose  rank  is 
24,  are  difficult  to  Interpret.  This  cat's  audiogram  has  Its  largest  shifts  In 
the  low-  and  mid-frequency  range.  The  interpretation  of  this  finding  is  cormpll- 
cated  by  the  facts  that  this  cat  had  a  slight  high-frequency  loss  before  exposure 
to  the  noise,  that  It  was  probably  the  oldest  of  the  cats  used  In  these  experiments, 
and  surgical  destruction  of  his  left  cochlea,  unlike  all  other  cats  In  these 
experiments,  was  not  complete. 

The  mean  audiogram  for  each  of  the*  five  classes  of  audiograms  is  shown  in 
figure  33,  These  mean  audiograms  reflect  some  of  the  trends  noted  in  the  series 
of  Indlvldvial  cats.  In  summary,  when  is  less  than  about  3  db,  the  deviations 
from  the  zero  line  appear  to  be  random.  When  TTST  lies  between  3  and  10  db,  a  dip 
which  encompasses  about  one  octave  is  expected  In  the  neighborhood  of  1.0  or  2.0 
or  4.0  kc,  A  larger  dip  centered  about  2.0  and  4,o  kc  or  l.o  and  2,o  kc  can  be 
expected  when  PFs  lies  between  about  11  and  23  db .  For  W?'  s  in  the  range  from 
about  24  to  35  db,  a  dip  with  a  broad  mEucimum  which  covers  three  or  four  octaves 
can  be  expected.  As  'Ws  Increases  from  35  to  63  db,  PTS's  increase  at  all 
frequencies,  but  the  greatest  Increases  can  be  expected  at  the  high  frequencies. 

The  data  presented  in  figures  38  and  33  support  the  hypothesis  that  knowledge 
of  PTS*  specifies  the  PTS  audiogram.  We  further  suggest  that  the  sequence  of 
increasing  severity  shown  in  figure  32  may  be  taken  as  a  picture  of  the  develop¬ 
ment  of  PTS  in  an  individual  cat  as  the  duration  of  the  exposure  is  Increased.  It 
should  be  recomlzed  that  threshold  shifts  begin  in  the  neighborhood  of  either 
1.0  or  2.0  or  4.0  kc.  The  area  of  loss  then  spreads  in  the  manner  indicated  by  the 
series  shown  in  the  figure.  Furthermore,  we  believe  that  if  a  new  cat  were  given 
one  of  the  exposures  in  these  experiments,  the  best  guess  of  the  shape  of  his 
PTS  audiogram  would  be  made  as  follows.  The-mean  value  of  for  the  group  of 
oats  previously  exposed  should  be  determined}  then,  from  figure  32  the  audiogram 
of  the  cat  with  a  value  of  TPS'  closest  to  the  mean  n?  should  be  tedcen  as  the 
predicted  PTS  audiogram.  An  alternative  procedure  would  be  to  use  the  mean  audio¬ 
gram  for  the  group  of  cats,  which  may  include  audiograms  from  several  classes,  and, 
thus,  not  reflect  the  most  probable  shape  of  the  audiogram  for  an  individual  cat. 


MEAN  PTS  tN  DECIBELS 


KILOCYCLES  PER  SECOND 


We  also  wish  to  comment  here  that  the  audiograms  shown  in  figures  32  and  33 
support  the  common  generalization  that  low  frequencies  are  more  resistant  to 
acoustic  trauma  than  are  the  mid  and  hl^  frequencies j  nonetheless,  the  large  'PT5’*s 
of  up  to  35  db  at  125  cps  and  250  cps  or  uP  to  6l  db  at  500  cps  should  not  be 
Ignored,  These  very  severe  TTSr*s  were  produced  at  low  frequencies,  in  general, 
it  should  be  noted  that  PTJ's  in  the  octaves  below  4  kc  are  more  frequent  and 
greater  than  the  shifts  in  the  two  octaves  above  4  kc.  For  TTS  audiograms  produced 
by  exposure  to  the  spectmjm  quite  the  opposite  is  true.  This  difference  is 
discussed  in  more  detail  later  in  the  chapter. 

The  audiogreim  categories  represented  by  Classes  I  to  V  appear  to  be  suffi¬ 
ciently  homogeneous  end  significant  to  warrant  examination  of  the  mean  values  of 
other  dependent  variables  for  each  class,  in  the  sections  that  follow,  the 
division  of  the  cats  into  Classes  I  to  V  is  used  for  the  examination  of  the  period 
of  recovery  and  the  amount  of  recovery,  for  comparison  of  the  behavioral  and  the 
histological  findings,  for  comparison  of  the  PTS  audiograms  with  the  spectnim  of 
the  noise,  and  for  comparison  of  TTS,  CTS,  and  PTS  audiograms. 


Period  of  Recovery 


It  will  be  recalled  that  the  time  required  for  the  completion  of  recovery  was 
measured  as  follows:  the  number  of  days  required  for  the  threshold  shift  to  reach 
a  value  that  was  6  db  greater  than  the  PTS  was  found  by  linear  interpolation. 

Figure  34  shows  the  mean  number  of  days  of  recovery  for  each  of  the  classes  of 
severity.  The  cats  in  Class  I  had  no  PTS,  and,  therefore,  the  days  to  recover 
from  TTS  are  shown.  For  this  class  recovery  is  complete  at  every  frequency  In  less 
than  four  days.  The  curves  for  Classes  II  and  III,  however,  show  a  strong 
frequency  effect.  The  mid  frequencies  recover  over  a  longer  period  of  time  than 
do  either  the  low  or  the  high  frequencies.  The  duration  of  the  recovery  period 
differs  little  for  classes  IV  and  V.  For  these  classes  there  is  a  suggestion  that 
the  low  frequencies  require  a  little  more  time  for  recovery  than  do  the  high 
frequencies. 

A  source  of  bias  in  all  of  the  curves  of  figure  34  is  that  a  few  Instances  of 
recovery  from  pure  TTS  are  being  averaged  with  the  recovery  of  the  temporary 
component  of  CTS.  When  the  Instances  of  TTS  were  eliminated  from  the  data,  the 
mean  curves  shown  in  figure  34  were  not  appreciably  altered. 
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There  is  great  variability  in  this  measure  of  the  duration  of  the  recovery 
process,  and,  therefore,  interpretations  must  be  made  with  extreme  caution. 
Nonetheless,  it  appears  that  the  duration  of  the  recovery  period  increases  with 
increases  in  at  least  up  to  values  of  30  or  35  db  for  the  latter  variable. 

The  symbols  on  the  right-hand  margin  of  figure  34  show  the  mean  number  of  days  for 
the  average  threshold  shift  at  the  octave  steps  from  125  to  16,000  cps  (cte)  to 
reach  a  value  within  6  db  of  PT?.  This  parameter  also  Increases  as  the  mean  PI'S' 
Increases , 


Amount  of  Recovery 


In  table  XII  the  mean  amount  of  recovery  is  shown  for  each  of  the  five  classes. 
These  amotints  of  recovery  were  calculated  by  subtracting  the  PTS  from  the  CT5  at 
one  day  after  exposure)  thus,  the  amovmt  of  recovery  is  defined  as  the  size  of  the 
ten^iorary  component  of  the  compound  threshold  shift  measured  at  one  day  after 
exposure.  If  the  cat  did  not  respond  to  the  audiometer's  maximum  output  on  the 
first  post-exposui’e  day,  the  threshold  was  taken  as  the  maximum  SPL  of  the  audi¬ 
ometer,  and  a  lower  bound  on  the  CTS  was  calculated.  Mean  values  obtained  using 
these  lower  bounds  for  individual  cats  represent  lower  bounds  on  the  sample  means. 
Many  such  Instances  can  be  noted  in  table  XII  and  this  fact  degrades  the  usefulness 
of  these  particular  measures.  Nevertheless,  it  is  cleeir  that  the  amoimit  of 
recovery— thus,  the  temporary  component  of  CTS —  increases  from  Classes  i  to  IV. 
Whether  or  not  there  is  an  Increase  in  the  amount  of  recovery  as  one  goes  from 
Class  IV  to  Class  V  cannot  be  determined. 


Injury  Ratings  and  PTS 


To  facilitate  the  comparison  of  behavioral  audiograms  and  injury  ratings,  a 
plot  showing  injury  ratings  as  a  function  of  frequency  was  devised.  This  was 
accomplished  by  converting  the  locations  for  which  the  ratings  were  made  Into 
frequency  by  means  of  the  map  of  the  cat's  cochlea  given  by  schxiknecht  (ref.  28}. 
Thus,  a  plot  showing  injury  ratings  in  a  manner  which  corresponds  to  the  familiar 
audiogram  was  made.  The  panels  of  figure  35  show  the  mecui  injury  ratings  for  each 
of  the  behaviorally  defined  classes  of  severity.  Comparison  of  figures  33  and  33 
shows  a  remarkable  correspondence  between  the  two  sets  of  data.  The  only  gross 
discrepancy  between  these  behavioral  and  histological  "audiograms”  is  for  Classes 
I  and  II.  The  behavloraO.  audiograms  for  these  two  classes  are  clearly  different, 
while  the  mean  Injiury  ratings  appear  to  be  Identical. 
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TABU  Zll 

AMoum  OP  RECovsnr  (tsi  -  iSg^,)  for  bach  class  op  AunoaRAN 


The  relation  between  the  behavioral  threshold  shift  and  the  histological 
findings  was  examined  In  another  way.  In  an  attempt  to  use  all  of  the  data  In 
evaluating  this  relation,  W?  was  correlated  with  the  mean  of  the  Injury  ratings 
along  the  length  of  the  membrane .  Figure  36  shows  the  soattergrem.  On  this 
graph  each  point  shows  the  JTS"  and  the  mean  Injury  rating  (T)  for  a  partloulcu?  oat. 
For  these  correlations  the  cats  exposed  to  the  low-frequency  noise  are  Included. 
The  lljiear  R  for  this  relation  la  0.83.  The  line  shown  In  figure  36  Is  the  least 
squares  flt^that  minimizes  the  squared  perpendicular  dlFtimces  between  the  points 
and  the  line.  By  this  equation. 


PTS"  -  22.14  T  -  32.72,  or 
T  =  0.o45  W?  +  1.48. 


A  similar  plot  was  made  for  the  mid-frequency  range.  The  average  PTS  at  1.0, 
2.0,  and  4.0  kc  was  compared  with  average  Injury  rating  In  the  \jpper  part  of  Turn  l 
and  the  lower  and  middle  portions  of  Turn  II.  The  linear  R  was  O.776,  and  the  best 
fitting  straight  line  was 


PTS  =  34.72  I  -  68.47,  or 
I  =  .029  PTS  +  1.97. 


By  these  equations,  P^s  Increases  about  22  db  for  each  vinlt  Increment  to  the 
average  Injury  rating,  while  for  the  mid-frequency  range  the  corresponding  slope 
la  about  35  db.  Zero  TTS"  Is  associated  with  Fun  average  Injury  rating  of  1.48, 
while  for  the  mid-frequencies  zero  PTS  is  associated  with  an  average  Injury  rating 
of  1.97.  These  Intercepts  reflect  the  fact  that  slight  Injuries  were  found  In  the 
middle  of  the  basilar  membrane  when  no  threshold  shifts  were  measured.  Since  all 
of  these  animals  were  exposed  to  noise,  no  control  specimens  were  available;  thus, 
this  particular  finding  needs  to  be  confirmed  In  experiments  which  Include  the 
appropriate  control  animals. 

The  results  given  above  show,  on  the  average,  a  close  correspondence  between 
the  shapes  of  the  behavioral  audiograms  and  the  pattern  of  Injury  ratings  along 
the  length  of  the  basilar  membrane.  Furthermore,  the  average  injury  ratings  for 
whole  cochleae  are  highly  correlated  with  7^.  Nonetheless,  many  discrepancies 
between  histological  and  functional  measures  remain.  For  example.  It  Is  clear  from 
knowledge  of  the  traveling  wave  In  the  cochlea  that  exact  predictions  of  behavioral 
audiograms  cannot  be  expected  until  rules  are  established  for  relating  the  extent 
of  Injuries  along  the  basilar  membrane  as  well  as  their  severity  to  the  threshold 
for  a  particular  test  frequency.  In  previous  Investigations  by  Eldredge  and 
Associates  (refs.  11-14)  electrophysiologlcal  measures  of  cochlear  function  have 
been  correlated  with  histological  changes.  These  experiments  suggest  that  the 
kinds  of  Injuries  observed  histologically  strongly  depend  on  the  soiond  pressure  of 
the  deafening  stimulus,  whereas  equivalent  functional  changes  are  observed  for  both 
moderate  and  Intense  pressures  If  the  duration  of  the  exposure  Is  appropriately 
adjusted.  In  general,  a  lowering  of  the  correlation  between  any  functional 
measures  and  histological  measures  can  be  expected  If  the  spectrum  of  the  deafening 
stimulus  Is  allowed  to  vary  within  the  series  of  experiments. 


Coifliparlson  of  TTS»  CTS«  and  PTS  Audlograna 


It  waa  prevloualy  noted  that  after  eiqpoBure  to  the  spectrum  of  the  present 
experiments,  the  TTS  auldograms  peak  at  4.0  ke.  In  addition  ns  spreads  moM  to 
frequencies  above  than  frequencies  below  4.o  ko.  Showing  this  relation,  quanti¬ 
tatively,  are  l4  of  16  oats  that  had  greater  values  of  TTS  at  8.0  kc  than  at  2,0 
ko. 


FTS  audiograms  after  more  severe  exposures  to  the  same  spectrum  show  quite 
another  picture.  In  this  case  the  shifts  are  larger  below  4.0  ko  than  they  are 
above  It.  If  one  examines  the  audiograms  In  Classes  II  to  V  shown  In  figure  32  It 
can  be  seen  that  28  of  the  31  oats  have  greater  values  of  FTS  at  2.0  than  at  8.0 
kc.  This  Is  true  even  though  for  large  PTS  all  mid-  and  high-frequencies  tend  to 
have  similar  losses. 

What  Is  the  shape  of  the  CTS  audiogram  during  the  first  hours  after  a  severe 
exposure  to  the  noise?  Does  It  have  the  frequency  characteristics  typical  of  TTS 
audiograms,  a  TTS  audlogrcun  added  to  a  PTS  audiogram,  or  a  FTS  audiogram?  Un¬ 
fortunately  It  was  often  Impossible  to  measure  CTS  audlograins  during  the  first  and 
second  day  after  an  exposure.  Data  that  we  were  able  to  obtain  duid.ng  the  first  6 
to  48  hows  after  exposure  suggest  that  CTS  audiograms  have  the  appearance 
characteristic  of  PTS  audiograms.  These  limited  data  suggest  that  CTS  audiograms 
form  a  series  similar  to  that  for  PTS  audiograms |  that  Is,  the  shape  of  the  CTS 
audiogram  seems  to  depend  on  Its  average  value  at  the  time  the  audiogram  was 
determined. 

Shown  In  figure  37  are  four  examples  of  recovery  of  the  temporary  components 
of  CTS  audiograms.  An  example  Is  taken  from  each  of  the  classes  of  severity.  It 
can  be  seen  that  changes  in  the  audiogram  during  recovery  follow  the  general  course 
of  moving  from  severe  to  less  severe  along  the  graded  series  of  audiograms  like 
that  previously  shown  in  figure  32  and  described  in  this  chapter. 

To  summarize.  If  a  cat  Is  exposed  to  a  specti*um  for  a  duration  only  sufficient 
to  produce  TTS  and,  later.  Is  exposed  to  the  same  spectrum  for  a  duration  suffi¬ 
cient  to  produce  PTS,  then  the  TTS  and  PTS  audiograms  can  be  expected  to  differ  In 
both  their  contours  and  the  locations  of  the  maximum  shifts.  In  addition,  there 
will  be  no  obvious  correspondence  between  the  temporary  components  of  a  CTS  audio- 
gram  and  a  TTS  audiogram  even  though  both  are  produced  by  the  same  spectrum.  These 
findings  do  not  support  the  hypothesis  that  PTS  produced  by  a  traumatic  noise  is 
simply  due  to  an  extension  of  the  processes  responsible  for  large  values  of  TTSJ 
rather  these  findings  suggest  that  both  PTS  emd  the  temporary  component  of  CTS, 
when  they  are  produced  by  traumatic  exposues  to  sound,  depend  on  processes 
different  from  those  that  are  responsible  for  TTS. 


Relation  of  PTS  Audiograms  to  the  spectnmi 


One  explanation  of  the  difference  between  TTS  and  PTS  audiograms  Is  that  they 
depend  on  different  measures  of  the  spectrum  of  the  exposure  stimulus.  A  simple 
hypothesis  of  this  type  Is  that  the  PTS's  at  the  various  test  frequencies  are 
proportional  to  the  levels  of  the  noise  In  narrow  bands  centered  about  each  test 
frequency,  while  TTS's  are  proportional  to  the  levels  in  noise  bands  of  lower 
frequency  than  the  test  stimulus.  One  might  add  In  both  cases  that  the  spectrum 
levels  should  be  corrected  by  the  transmission  characteristics  of  the  ear  and  that 
these  characteristics  can  be  approximated  by  Including  the  audibility  curve  or  the 
critical-ratio  curve  or  both  In  such  a  formulation. 
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noou  37«  ItM  prgpvatlm  from  CTS  wiwit  ttartUr  Aftir  tnunui  %o  th*  StMl*  m  umilori 

CMnft*  In  tht  •lap*  of  Uw  ullmnw  m  ttw  nai^BiiMi  gT  Uw  CTS  SlaAnlsb*!  an  kp  uim*  fwr 

In  this  section  we  wish  to  evalviate  a  simple  form  of  the  hypothesis  that  PTS's 
are  proportional  to  the  spectrum  levels  of  the  exposure  stimulus  at  the  correspond¬ 
ing  frequencies.  This  hypothesis  Is  described  as  the  spectrum  matching  hypothe¬ 
sis.  It  states  that  where  significant  permanent  threshold  shifts  are  present,  the 
post-exposure  audibility  curve  csun  be  matched  by  the  spectrum  of  the  noise  minus  a 
constant.  For  this  form  of  the  hypothesis,  the  additive  constant  Is  determined  by 
the  dxiratlon  of  the  exposure  and  by  a  cat’s  susceptibility  to  the  noise.  That  Is, 
both  Individual  differences  and  the  duration  of  the  exposure  are  treated  as 
additive  factors  which  eu^e  constant  across  test-tone  frequencies.  This  simple  form 
of  the  speotrvun  matching  hypothesis  can  be  rejected  for  experiments  which  vary  the 
bandwidth  of  the  spectrum  as  shown  by  the  comparison  of  nsurow  and  broad-band 
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exposiores  In  Chapter  VIII  of  this  report.  The  possibility  remains  that  In  the  case 
of  the  broad-band  noise  a  strong  correlation  existed  between  the  spectrum  levels 
and  the  post-exposure  thresholds.  This  possibility  was  tested  In  the  following 
way. 


At  those  frequencies  for  which  PTS  was  greater  them  5.0  db,  the  difference 
between  the  spectrum  level  of  the  noise  and  the  post-exposure  threshold  was  calcu¬ 
lated  for  each  of  the  34  cats  exposed  to  the  broad-band  noise.  The  mean  of  these 
differences,  7,  was  calculated  for  each  cat.  Since  the  PTS  audiogram  Is  the 
difference  between  the  pre-  and  post-exposure  audibility  curves,  the  spectrum 
matching  hypothesis  was  evaluated  by  fitting  the  PTS  audiograms  in  accordemce  with 
the  equation 


PTS*  -  (B  -  D  -  Q,  and  If  [(B  -  C  )  -  /5p]  <0,  then  PTS*  -  0. 


PTS*  Is  the  fitted  value  of  PTS.  B  Is  the  spectrum  level  of  the  noise  at  the 
appropriate  frequency.  j^s  theHSPL  of  the  threshold  stimulus  before  exposure  to 
the  noise.  The  constant  °  o’  has  a  single  value  for  each  cat.  of  course,  the 
quantity  (B  -  C)  is  the  fitted  post-exposure  threshold. 

To  evaluate  this  form  of  the  spectrum  matching  hypothesis,  the  correspondence 
between  PTS*  and  PTS  was  examined  for  each  cat.  In  some  cases  the  fit  was 
excellent,  while  In  others  it  was  poor.  The  test  frequency  showing  maximum  PTS  was 
not  always  predicted.  Overall,  the  root-mean-square  of  differences  between  the 
predicted  and  the  obtained  PTS's  was  about  9.6  db,  and  the  average  difference  was 
8.0  db.  Table  XIII  shows  the  correspondence  between  PTS*  and  PTS  for  the  five 
classes  of  audiograms.  The  agreement  is  generally  fair  e  :cept  for  Class  III  where 
it  Is  poor. 


TABLE  XIII 

CORRESPONDENCE  BETWEEN  OBSERVED  PTS  AND  PTS*  PITTED  TO  THE  DATA 
ON  THE  BASIS  OF  A  SPECTRUM  MATCHING  HYPOTHESIS 


Class 

0.125 

0.25 

0.5 

Frequency  In  kc/second 

1.0  2.0  4.0  8.0 

16.0 

32.0 

PTS 

T 

PTS 

0.0 

-1.2 

1.1 

-2.4 

2.8 

0.0 

—0,4 

1.5 

-3.2 

0.03 

PTS* 

6,0 

2.9 

0.4 

4.5 

4.1 

0.0 

0.4 

PTS 

—0.4 

0.6 

6.4 

17.3 

15.6 

13.3 

-0.4 

2.6 

2.3 

6.9 

11 

PTS* 

-0.6 

0.0 

6.9 

19.5 

13.6 

5.8 

-3.2 

III 

PTS 

3.6 

4.6 

5.0 

22.0 

42.9 

4o.8 

11.9 

0.2 

2.6 

16.4 

PTS* 

-0.2 

5.0 

17.6 

32.0 

37.0 

29.8 

20.4 

IV 

PTS 

12.5 

17.2 

38.6 

47.5 

44.2 

42.0 

30.2 

8.0 

0.25 

30.0 

PTS* 

0.0 

13.9 

37.1 

47.3 

54.4 
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calculations  similar  to  those  reported  above  were  made  using  the  estimated 
masked  thresholds  In  place  of  the  spectxnim  level  of  the  noise.  This  change,  In 
effect.  Includes  both  the  audibility  curve  and  the  critical-ratio  curve,  determined 
for  the  cat  by  Watson  (ref.  4l),  as  corrections  on  the  spectmm  level.  The  fitted 
FTS  audiograms  obtained  In  this  manner  were  no  better  or  worse  than  those 
previously  obtained. 

We  believe  that  the  simple  spectrum  matching  hypothesis  presented  above  falls 
for  several  reasons.  It  does  not  Include  changes  In  the  spectrum  produced  by  the 
Intra-aural  muscles.  It  assumes  that  noise  bsinds  are  mapped  onto  the  basilar 
membrane  in  the  same  positions  as  the  corresponding  pvire  tones,  which  according  to 
Tonndorf  (ref.  35)  Is  Incorrect.  The  assumptions  that  the  constant  of  proportion¬ 
ality  between  spectrvim  level  and  PTS  has  unit  value  euid  that  It  is  Independent  of 
exposiire  d\iration  need  Investigation. 

It  should  be  possible  to  specify  precisely  the  relation  between  the  spectrum 
and  PTS,  if  data  are  accumulated  which  are  free  from  the  unknown  effects  of  the 
Intra-aural  muscles.  Information  which  would  help  bridge  the  gap  from  the  pattern 
of  the  spectrum  to  the  PTS  audiogram  could  be  obtained  from  experiments  performed 
on  either  the  cochlea  or  models  of  it  that  determine  the  relations  among  the 
measures  of  the  motion  of  the  basilar  membrane  and  the  severity  of  traumatic 
Injury. 


Further  Comments  on  the  Relations  Between  TTS,  CTS,  and  PTS 


For  man,  after  exposxjre  to  Intense  transients  or  to  most  noises  of  broad 
bandwidth,  TTS,  CTS,  and  PTS  all  seem  to  show  a  characteristic  maximum  near  4  kc 
for  both  traumatic  exposures  of  short  duration  smd  high  Intensity  and  for  long 
term  exposures  to  less  severe  levels.  There  are  Instauoces,  however,  of  such  severe 
exposures  that  produce  either  PTS's  or  very  severe  TTS'b  which  seem  to  have  the 
frequency  characteristics  of  a  cat's  PTS  audiogram.  For  cat.  It  has  been  shown  by 
the  data  of  Lindquist,  Neff,  and  Schuknecht  (ref.  2o),  of  Schuknecht,  Neff,  and 
Perlman  (ref.  3o)  and  of  the  present  report  that  exposures  to  gunshot,  or  broad¬ 
band  noise,  or  blows  to  the  head  produce  PTS  audiograms  that  In  most  Instances 
show  more  loss  below  4  ko  than  above  It.  The  opposite  Is  true  for  the  cat's  TTS 
audiograms . 

To  account  for  these  findings  we  suggest  the  following  hypothesest 

1.  Threshold  shifts  that  are  due  to  underlying  temporary  and  permanent 
Injuries  produced  by  traumatic  exposures  of  relatively  short  duration  (order  of 
seconds  and  hours)  are  proportional  to  the  spectrum  levels  of  the  traumatic  noise 
after  its  transformation  by  the  mechanical  mechanisms  of  the  ear.  one  property  of 
this  hypothesized  relation  Is  that  the  maximum  of  the  transformed  spectrum  should 
be  the  point  of  maximum  PTS. 

2.  Threshold  shifts  that  are  due  to  fatlgue-llke  processes  also  have  a  slnQile 
relation  to  the  spectrum  of  the  exposure  stimulus.  This  relation,  however.  In¬ 
volves  some  parameter  which  Increases  with  frequency,  thus  moving  the  location  of 
maximum  threshold  shift  to  a  frequency  higher  than  the  maximum  of  the  transformed 
spectrum.  A  TTS  experiment  which  Illustrates  this  position  was  conducted  by 
Miller  (ref,  22). 

3.  Continued  or  repeated  severe  fatiguing  of  the  ear  over  a  period  of  many 
years  produces  PTS  audiograms  with  the  frequency  characteristics  of  TTS  audiograms. 
This  kind  of  PTS  corresponds  to  the  nolse-lnduced  threshold  shift  described  by 
Davis  (ref.  6).  A  recent  study  by  Mixon  and  Qlorlg  (ref.  26)  casts  doubt  on  this 
hypothesis.  They  examined  the  growth  of  PTS,  corrected  by  presbycusis,  at  both 
2,0  kc  and  4,0  kc  In  men  exposed  to  IndustMal  noise  over  periods  of  many  yews. 
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The  epeotrums  of  the  noleee  were  ouch  that  short  exposures  (8  hours)  to  them 
probably  produced  TTS  audiograms  with  maxlmums  near  4  kc  and  little  or  no  TTS  at 
2.0  kc.  The  spectrum  levels  nonetheless  were  maximum  between  0.3  and  0.6  ko.  The 
overall  levels  of  these  noises  were  such  that  PTS  accumulates  slowly  over  periods 
of  years.  The  data  of  Nixon  and  Qlorlg  show  that  Initially  PTS  Is  greatest  at  4.0 
ko  and  It  appears  to  reach  an  asymptotic  level  after  ten  yews  of  exposure.  On  the 
other  hand  the  PTS  at  2.0  kc  shows  little  or  no  growth  during  the  first  ten  years 
of  exposure.  These  data  for  the  first  ten  years  of  exposure  are  consistent  with 
the  hypothesis  that  TTS  audiograms  and  PTS  audiograms  have  the  same  shape  for 
nolse-lnduced  deafness.  During  the  period  beyond  ten  years,  however,  continued 
exposure  to  the  most  Intense  noise  of  the  Nixon  and  Qlorlg  study  produces  marked 
Increases  In  the  PTS  at  2.0  kc  even  though  the  PTS's  at  4.0  kc  remain  constant. 
Thus,  the  final  shape  of  the  PTS  audiogram  Is  probably  different  from  the  shape  of 
the  TTS  audiogram,  the  losses  being  greater  In  the  range  Important  for  speech 
perception  In  the  case  of  PTS  than  in  the  case  of  TTS. 

4,  The  hypotheses  stated  above  are  subject  to  modification  by  consideration 
of  the  Intra-aural  muscles,  which  provide  an  unlmown  and  changing  frequency 
distortion  of  the  exposure  stimulus,  and  species  differences  which  Include 
structural  and  acoustical  differences  In  all  parts  of  the  ear. 
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XI.  SUMMARY 


Aural  effects  of  exposure  to  Intense  noise  were  Investigated  by  behavioral 
measurements  of  the  auditory  sensitivity  of  cats  before  and  after  such  exposures 
and  by  histological  examination  of  their  cochleas. 

Procedures  for  the  training  and  the  audiometric  testing  of  the  cat  are 
described  In  detail.  The  results  of  extensive  determinations  of  the  oat's  audi¬ 
bility  curve  for  sound  fields  are  reported  emd  a  standard  audibility  curve  is 
offered  for  the  use  of  future  investigators. 

Terms  that  are  useful  In  the  description  of  the  deafening  effects  of  exposure 
to  Intense  sound  are  defined  as  follows.  A  threshold  shift  is  computed  as  the 
difference  in  decibels  between  pre-  and  post-exposure  thresholds.  Threshold  shifts 
that  are  measured  at  post-exposure  times  that  exceed  a  few  seconds  suid  that  decline 
In  time  to  zero  are  denoted  as  temporary  threshold  shifts  (TTS's).  if,  after 
exposure  to  Intense  sound,  threshold  shifts  are  measured  that  are  stable  and 
persist  over  a  period  of  several  weeks,  then  these  threshold  shifts  are  said  to  be 
persistent  threshold  shifts  (PTS's)  and  permanent  lnj\iry  to  the  auditory  mechanism 
Is  Inferred.  Threshold  shifts  that  have  both  temporary  and  fresh  persistent 
components  are  defined  as  compound  threshold  shifts  (CTS's).  Average  values  of 
GTS  or  PTS  over  the  frequency  range  from  125  to  16,000  cps  are  denoted  In  this 
report  by  the  symbols  GTS  and  TTST 

The  broad-band  noise  that  v;as  used  as  an  exposure  stimulus  Is  described  in 
detail.  The  noise  had  nearly  equal  octave-band  levels  In  the  bands  centered  at 
850,  1700,  and  3^0  cps,  with  lower  levels  above  and  below  this  region. 

Exposxire  of  the  oat  to  this  noise  either  at  an  overall  SPL  of  115  db  for  1/8 
hour  or  at  105  db  for  1/4  hour  results  In  TTS  audiograms  that  have  the  same  general 
features  as  those  measured  In  man;  the  maximum  TTS  Is  at  4  kc  and  TTS  Is  greater 
above  4  kc  than  below  It.  Recovery  from  large  values  of  TTS  Is  similar  to  that  for 
man.  The  cat  Is  more  susceptible  than  man  to  TTS;  It  is  estimated  that.  If  mam  amd 
cat  are  to  have  equal  TTS,  then  the  exposure  must  be  approximately  18  db  greater  in 
energy  for  man  than  for  cat. 

Oats  also  were  exposed  to  the  broad-bamd  noise  at  an  overall  SPL  of  115  db 
without  Interruption  for  periods  of  l/4,  1/2,  2,  or  8  hours.  These  exposures 
produced  PTS's  whose  magnitudes  depended  on  the  duration  of  the  exposure,  the 
test- tone  frequency,  and  the  susceptibility  of  the  Individual  cat.  Mean  values 
of  W?  were  5.6  db  and  8.5  db  for  the  l/4-hour  amd  l/2-hour  exposures,  while  values 
of  35.0  db  and  4o.6  db  were  found  for  the  2-hour  and  8-hour  exposures.  The  growth 
of  PTS  with  Increasing  duration  of  exposure  Is  described  in  detail  in  the  text. 

The  effects  of  distributing  the  2-hour  exposure  Into  I6  doses  of  I/8  hour  each 
were  Investigated.  A  different  inter-exposure  Interval  was  used  In  each  of  four 
conditions;  these  were  0,  1,  6,  or  24  hours.  Average  values  of  TOST  were  38,  13,  6, 
and  2  db,  respectively.  Thus,  the  greater  the  inter-exposure  interval  the  smaller 
the  PTS's.  If  PTS's  are  to  be  reduced  to  near-zero  values  for  all  cats,  a  small 
duty-cycle  of  1.0  to  0.5  percent  seems  to  be  required  for  exposxire  schedules 
similar  to  those  used  In  these  experiments. 

The  behavior  of  the  temporary  component  of  GTS  was  examined  for  cats  exposed 
to  the  broad-band  noise.  The  following  conclusions  are  limited  by  the  facts  that 
It  was  often  Impossible  to  measure  threshold  shifts  during  the  first  several  days 
after  exposure  and  that  PTS's  exceed  70  db  In  only  one  cat.  The  size  of  the 
temporary  component  at  24  hours  after  exposure  (the  difference  between  GTS  at  one 
day  after  exposure  and  PTS)  Increased  with  the  severity  of  the  exposure,  and  It 
was  posltlA^ply  correlated  with  PTS.  Recovery  from  the  temporary  component  of  GTS 
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1b  most  rapid  dvcrlng  the  first  few*  post-exposure  days}  thereafter,  the  rate  of 
recovery  gradually  slows.  The  period  of  recovery  Increases  with  the  severity  of 
the  expo8\u*e  and  It  Is  also  positively  correlated  with  the  magnitude  of  the  PTS. 
This  period  ranged  from  a  few  days  \jp  to  approximately  two  months.  The  recovery 
processes  seem  to  have  stopped  after  the  first  two  post-exposure  months. 

The  PTS  audlogrsuns  produced  by  either  continuous  or  spaced  exposures  to  the 
broad-band  noise  had  characteristic  shapes.  For  small  average  values  of  PTS,  the 
PTS  audiogrsun  has  a  dip  which  Includes  one  octave  In  the  neighborhood  of  1.0  or 
2,0  or  4.0  kc  depending  on  the  cat.  As  the  average  value  of  PTS  increases,  the 
dip  widens  to  Include  first  two  and  then  three  or  four  octaves  of  the  range  from 
500  to  8,000  ops.  For  average  values  of  TVS  greater  than  35  db,  sizable  PTS's  can 
be  expected  at  all  frequencies,  the  largest  usually  being  at  frequencies  above  250 
cps.  The  shapes  of  CTS  audiograms  seem  to  depend  on  their  average  values  In  a 
msmner  similar  to  that  described  for  PTS  audiograms. 

PTS  and  CTS  audiograms  produced  by  exposure  to  the  broad-band  noise  have 
greater  shifts  below  4.0  kc  than  above  It,  while  the  opposite  Is  true  for  TTS 
audiograms  produced  by  the  same  spectrum.  Thus,  PTS's  and  CTS's  produced  by 
traumatic  exposure  to  sound  seem  to  depend  on  underlying  processes  which  differ 
from  those  responsible  for  TTS. 

The  auditory  effects  of  eui  octave-band  of  noise  (300-600  cps)  were  also 
Investigated  using  the  cat  as  a  subject.  A  band-pressure  level  of  105  db  was  used, 
since  It  matched  the  level  of  the  corresponding  band  of  the  broad-band  noise  whose 
overall  level  was  115  db.  The  masking  pattern  of  the  octave-band  was  determined 
and  this  pattern  was  as  expected  except  for  unexplalnably  large  amomts  of  masKlng 
found  at  125  cps.  Exposure  to  the  octave  band  for  8  hours  produced  small  but 
definite  threshold  shifts  throiighout  the  frequency  range,  and  these  shifts  declined 
to  near-zero  values  by  the  seventh  post-exposure  day.  Exposure  to  this  noise  for 
48  hoiars  produced  TTS  audiograms  that  had  two  dips,  one  between  0.25  and  1.0  kc 
and  the  other  between  4,0  and  I6.0  kc.  No  PTS's  were  measured,  but  slight  to 
moderate  Injuries  were  noted  In  the  histological  findings.  Further  Investigations 
of  the  effects  of  prolonged  continuous  exposures  to  low-frequency  noise  are 
needed,  but  the  present  results  suggest  that  some  veirlable  related  to  bandwidth  Is 
a  determiner  of  PTS  and  Injury,  at  least  for  low  frequencies, 

A  scale  for  the  histological  evaluation  of  Injuries  Is  presented,  and  using 
this  scale  Injuries  were  rated  at  seven  locations  In  each  cochlea.  An  ordering  of 
Injuries  from  slight  changes  In  Delters'  cells  to  marked  chemges  In  both  Delters' 
and  external  hair  cells  appears  to  have  emerged.  The  pattern  of  Injury  ratings 
along  the  basilar  membrane  Is  highly  similar  to  the  pattern  of  the  behavioral 
audiograms.  If  both  are  placed  on  an  anatomical-frequency  scale.  The  Pearson 
correlation  coefficient  for  the  average  injury  rating  for  the  whole  cochlea  and 
the  cat's  average  PTS  was  0.85. 

The  data  available  for  man  show  that  the  typical  human  adult  would  suffer  no 
persistent  threshold  shifts  If  exposed  to  any  one  of  the  conditions  used  In  the 
present  experiments.  V/e  hypothesize  that  If  the  level  of  the  noise  be  Increased 
by  approximately  I8  db,  then  results  similar  to  those  described  for  the  cat  would 
be  found  In  man. 
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CAT  NO. 

■XFOSOtl 

TOW 

TOW  II 

TOW  II 

TOW  II 

TWW  1 

TOW  I 

TOW  I 

apas 

uppar 

■Iddla 

lovar 
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alddla 

louar 

TMlnad 

4 

1/4  hr. 
b.b.n. 

1.9 
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3.0 

8.9 

8.5 

2.0 

1.5 

9 

e. 
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1.5 
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8.0 

1.9 

8.0 

1.5 

119  db 

Trnlnad 

4.0 

4.0 

19 
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8.0 

8.0 

3.0 

3.0 

el 

1.9 

1.9 

8.5 

3.0 

3.5 
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29 

b.b.n. 

1.0 

1.9 

1.9 

2.0 

8.9 

1.5 

1.5 

109 

0. 

1.9 

8.0 

8.9 

8.0 

8.0 

1.5 

1.0 

ii? 

U9  db 
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8.0 

8.0 

8.5 

8.9 

8.0 

1.5 

1.9 

8.0 

8.9 

8.0 

8.0 

8.0 

1.5 

TMlnad 

4.9 

3 

1.9 

8.0 

3.0 

5.0 

3.0 

13 

1.9 

8.0 

8.9 

4.0 

!•* 

3.0 

8.0 

n 

8.0 

2.9 

3.0 

4.0 

4.0 

3.9 

3.5 

8  hm. 

8.9 

8.5 

3.0 

4.5 

9.0 

3.5 

3.0 

b.b.n. 

1.9 

1.5 

8.0 

3.0 

8.0 

I'S 

a. 
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1.5 

8.0 

?*5 

4.5 

4.0 

4.5 
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119  db 

2.0 

8.5 

4.0 

4.0 

3.9 

4.0 

64 
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3.0 

3.5 

4.0 

2*5 

3.0 

4.0 

76 

1.9 
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4.0 

4.5 

3.5 

2.0 
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8.0 
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4.0 
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1.5 

w 

1.9 
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3.5 

3.0 
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1.5 

1.5 
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3.0 
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5.0 
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8.0 
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3.0 
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4.0 
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8.0 
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3.9 

3.5 

4.0 

4.0 

8.0 
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4.0 

4.5 

4.0 

86 
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3.0 

5.0 
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90 
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98 

b.b.n. 
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8.5 
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4.0 
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1.0 

iS 
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3.0 

3.0 

4.0 

4.0 
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8.0 

3.0 
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4.0 
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8.5 

1.5 
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39 
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90 
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3.0 
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1.5 
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8.0 
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1.0 
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1.0 
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1.0 
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1.0 
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APPENDIX  A  (oont'd) 


EXPLANATION  OP  DATA 


Trained  cats  4  and  5  - 

Exposure!  A  broad  band  of  continuous  noise  at  115  db  for  l/4  hour. 

Results!  Usually  mild  injury  to  supportlnc  cells. 

Trained  cats  19,  23,  29,  109,  HO,  and  ll4  - 

Exposure!  A  broad  band  of  continuous  noise  at  115  db  for  1/2  hour. 

Results!  Mild  injury  to  supporting  cells  with  some  involvements  of  external 
hair  cells  particularly  in  two  specimens. 

Trained  cats  3,  13,  20,  24,  54,  64,  71,  80,  60,  63,  76,  and  78  - 

Exposure!  A  broad  band  of  continuous  noise  at  115  db  for  2  hours. 

Results!  Injuries  in  lower  part  of  the  first  turn  for  four  specimene  show 
loss  and  degeneration  of  external  and  Internal  hair  cells  and 
supporting  cells  with  collaspe  of  the  tunnel  of  Corti.  The 
similar  areas  in  fotir  other  specimens  reveal  slight  to  moderate 
changes  such  as  swelling  of  supporting,  with  or  without  some 
deformation,  of  extei*nal  hair  cells.  In  the  upper  part  of  the 
first  turn  and  into  the  middle  of  the  second  turn,  the  damage  is 
in  fair  agreement  for  most  specimens. 

Untrained  cats  A,  D,  E,  F,  and  G  - 

Exposxire!  A  broad  band  of  continuous  noise  at  115  db  for  2  hours.  Animals 

sacrificed  within  2  to  4  hours  following  exposure.  Both  ears  were 
exposed. 

Results!  Only  relatively  mild  changes  are  usually  present  in  the  lower  part 
of  the  first  turn,  such  as  slight  swelling  of  supporting  cells. 
These  changes  become  somewhat  greater  in  the  middle  and  upper  part 
of  the  first  turn  and  for  three  specimens  severe  injuries  are 
present  in  this  location.  Definite  hair  cell  and  other  cell 
injuries  of  moderate  degree  are  in  evidence  in  the  lower  part  of 
the  second  turn  for  all  specimens.  These  become  less  in  the  middle 
and  upper  part  of  the  second  turn. 

Trained  cats  86,  90,  92,  102,  107.  and  112  - 

Exposure!  A  broad  band  of  continuous  noise  at  115  db  for  8  hours. 

Results!  In  three  cochleas  the  organ  of  Corti  was  lifted  from  the  basilar 
merabreme  in  the  lower  part  of  the  first  turn.  In  one,  there  was 
moderate  injury  and  in  two,  slight  changes  at  the  same  location. 

For  all  specimens  the  damage  became  more 'severe  or  maintained  its 
severity  into  the  middle  of  the  second  turn.  For  the  remainder  of 
the  apical  turn  the  injuries  were  moderate  to  slight. 

Trained  cats  39,  50,  89,  and  72  - 

Exposure!  Sixteen  doses,  7.5  minutes  each  (or  2  hours  total)  with  l-hoxor 
inter-exposure  Interval. 

Results!  The  extreme  ends  of  the  basal  and  apical  turns  reveal  only  slight 
or  mild  Injuries  such  as  supporting  cell  changes.  In  the  upper 
part  of  the  first  turn  and  into  the  middle  of  the  second  turn, 
there  is  considerable  variation  in  degree  of  injury  for  the 
different  specimens.  It  ranges  from  supporting  cell  changes  to 
marked  organ  of  Corti  damage  for  one  specimen. 
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Trained  cato  52,  56,  62,  and  74  - 

Exposure:  Sixteen  doses,  7.5  minutes  each  (or  2  hours  total)  with  6-hour 
inter-expesure  Interval . 

Results:  The  Injuries  for  all  specimens  are  slight  or  relatively  mild.  There 

is  a  tendency  for  the  neatest  dej^ee  of  Injury  to  occur  In  the 
upper  part  oi"  the  first  t'urn  and  lov;er  and  middle  parts  of  the 
second  tv>rn.  It  is  prlioarlly  supportlnc;  cell  chanses  v/lth  some 
evidence  of  sllyhtly  altered  hair  cells. 

Trained  oats  6l,  70,  7S',  and  OD  - 

Exposure;  A  narrow  band  of  lov;  frequency  (300-600  ops)  continuous  noise  at 
105  db  for  8  hours. 

Results:  Very  mild  Injuries  are  present  chiefly  In  the  upper  part  of  the 

first  turn  and  throushout  the  second  turn  for  each  specimen. 

These  are  primarily  supportlns  cell  chances  with  slight,  if  any, 
hair  cell  damage.  As  a  group,  the  findings  are  fairly  consistent. 

Trained  cats  53,  5S,  75,  and  98  - 

Exposure:  A  narrov;  band  of  low.  frequency  (300-600  ops)  continuous  noise  at 
105  db  for  48  hours. 

Results;  Moderate  external  hair  and  supporting  cell  injury  Is  present  for 
two  specimens  In  the  lower  part  of  the  second  turn  with  only  mild 
changes  In  nearby  areas.  One  specimen  Is  practically  within 
normal  limits  while  the  remainder  show  slight  injuries  In  the 
lower  and  middle  parts  of  the  second  turn. 
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AfPEMDIX  B 

FRE-EXPOStlRE  TIBESHOIDS  IN  SPL  AND  PINAL  THRESHOLD  SHIFTS  (PTS) 


DAYS 
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0.5 
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5 
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19 
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0.0 
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23 

Ca 
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P 
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29 

P 
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-1.8 

75 
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5.0 

109 

8l 
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-7.0 
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1.3 
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P 
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20.4 

-4.6 

84 

4.0 

5.0 

16.0 
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P 

84 
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3.0 

23.4 

-8.0 

9.4 

2.0 

3 

2  hr 

P 

4l.0 

l4.e 

7.0 
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13.1 

Ca 

13 

115  db 

? 

44.8 

19.8 

4.5 

145 

0.0 

-3.8 

5.0 

20 

P 

44.8 

19.8 

4.0 
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8.1 

21.9 

23.0 

24 

P 

44.8 

21.0 

3.2 

117 

11.2 

19.4 

53.8 

S'* 

P 

31.6 

16.4 

1.4 

84 

11.8 

15.0 

35.0 

6o 

P 

32.6 

13.9 

3.9 

84 

17.0 

19.5 

22.5 

63 

P 

39.1 

16.9 

3.4 

84 

13.9 

25.5 

31.0 

64 

P 

29.6 

10.4 

1.4 

84 

10.0 

21.0 

29.0 

71 

P 

34.6 

21.4 

7.4 

84 

35.0 

41.0 

56.0 

76 

P 

31.6 

7.9 

84 

20.1 

26.7 

61.0 

78 

23.1 

16.9 

6.9 

84 

7.5 

4.5 

6.5 

8o 

P 

34.6 

22.4 

— Oa6 

84 
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51-4 
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4.0 

8.0 

16.0 
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-8.5 

-14.0 

-19.2 

-25.8+ 

-20.5 

8.8 

-5.0 

3.8 

-1.2 

-2.5 

- 

-0.2 

-6.0 

-20.2 

-27. 0+ 

-16.8 

21.9 

28.1 

10.0 

5.6 

- 

10.9 

•8.5 

-19.0 

-13.0 

-23.2* 

-19.8 

26.9 

18.1 

0.0 

-1.9 

7.5 

- 

6.2 

-16.0 

-24.0 

-19.2 

-24.5* 

-5.5 

21.2 

47.5 

45.0 

12.5 

-11.2 

- 

14.6 

-16.0 

-15.2 

-i5.5 

-28.8* 

-5.5 

11.9 

4o.6 

43.8 

27.5 

-5.6 

- 

16.6 

-12.2 

-27.8 

18.8 

-18.0 

-22.0* 

-13.0 
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0.0 

0.0 

- 
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-23.6 

-7.8 

-i4.6 

2.0 

38.0 

0.8 
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-3.0 

0.8 
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15.0 
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-2.0 

-1.0 

2.0 
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-5.0 

12.0 
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—2.0 

15.0 

7.0 

9.8 
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20.6 

-23.0 

0.0 

22.0 
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-16.5 
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-9.2 
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48.5 

43.5 

8.8 

-5.6 

- 

15.4 

-13.5 

-14.0 

-10.5 

-18.4* 

-11.8 

48.1 

50.6 

46.8 

49.4 

43.8 

- 

36.7 

-6.0 

-19.0 

-19.2 

-23.2* 

-14.2 

48.8 

53.8 

53.1 

50.6 

46.2 

- 

42.1 

-15.6 

-7.8 

—8.6 

-3.0 

11.0 

58.8 

63.2 

51.0 

50.0 

50.0 

68.5* 

41.8 

-12.1 

-14.6 

17.3 

-17.1 

-6.5 

12.5 

55.0 

62.1 

54.3 

43.5 

50.0 

67.0* 

40.5 

-12.1 

-17.1 

-19.3 

-17.1 

-0.5 

11.5. 

62.2 

62.5 

54.5 

56.7 

55.0 

68.0* 

45.2 

-12.1 

-19.6 

-13.8 

-27.6 

6^.2 

-12.0 

3.0 

65.2 

60.0 

67.0 

56.0 

76.5* 

47.0 

-2.1 

-3.6 

8.2 

-3.6 

15.0 

38.0 

51.6 

4o.6 

25.6 

40.4 

-9.2 

3.0 

35.1 

-8.6 

66.0 

-7.6 

49.1 

-13.8 

64.4 

-13.6 

49.2 

,2*5 

35.0 

18.5 

12.5 

46.7 

-6.6 

-12.6 

-17.3 

-16.6 

-4.5 

15.0 

11.5 

46.0 

53.5 

12.0 

3.5 

10.0 

18.1 

-2.1 

-3.6 

*20a8 

-15.6 

3.0 

36.0 

37.0 

35.0 

47.0 

31.0 

6.0 

5.0 

28.8 
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APPEtDIX  B  (oont'd.) 


Qj^YS  Praquaney  In  ko/saeond 

CAT  AFTER 


NO. 

EXPOSURE  NOISE 

0.125 

0.25 

0.5 

1.0 

2.0 

4.0 

8.0 

16.0 

32.0 

TO 

86 

8  hr 

P 

27.6 

18.4 

9.4 

-1.1 

-14.6 

4§:! 

-17.6 

-2.0 

11.0 

68.5* 

45.1 

b.b.n. 

84 

19.0 

17.0 

24.0 

63.1 

69.1 

62.1 

58.5 

90 

115*db 

P 

26.6 

17.4 

7.4 

-9.1 

-15.6 

-10.8 

-17.6 

—6.0 

16.0 

84 

18.0 

26.0 

47.0 

82.4 

77.5 

75.5 

94.6 

80.5 

63.5* 

62.9 

92 

8^ 

23.6 

33.1 

11.4 

33.0 

-1.6 

57.1 

-14.1 

67.0 

-17.8 

66.1 

-15.6 

55.2 

-5.0 

52.5 

10.0 

57.5* 

53.8 

102 

P 

28.6 

18.4 

9.4 

-8.1 

-18.6 

-2.8 

-16.6 

4.0 

17.0 

84 

8.0 

17.0 

31.0 

49.0 

47.0 

35.0 

36.0 

26.0 

-5.0 

31.1 

107 

P 

30.6 

16.4 

3.4 

-11.1 

-20.6 

!l:§ 

-4.6 

-1.0 

18.0 

84 

19.0 

15.0 

29.0 

60.0 

56.0 

25.0 

6.0 

11,0 

32.0 

112 

P 

28.6 

15.4 

9.4 

-4.1 

-10.6 

-10.8 

-10.6 

-11.0 

15.0 

84 

9.0 

9.0 

5.0 

18.0 

50.0 

43.0 

5.0 

11.0 

4.0 

18.8 

39 

2  hr 

P 

30.6 

i.8.4 

8.4 

'-6al 

-15.6 

—6.8 

-18.6 

-4.0 

9.0 

28.2 

b  .b  .n. 

S. 

16  doses 

84 

15.0 

22.0 

43.0 

44.0 

39.0 

40.0 

29.0 

-6.0 

-10.0 

50 

P 

31.6 

23.4 

6.4 

-9.1 

-12.6 

-17.8 

-18.6 

•^.0 

9.0 

7-1/2  nln 
1  hr.  lEl 

84 

4.0 

-5.0 

4.0 

9.0 

11.0 

22.0 

4.0 

-1.0 

3.0 

6.0 

69 

115  db 

P 

28.6 

14.4 

9.4 

-3.1 

-15.6 

-6.6 

-3.0 

12.0 

84 

-4.0 

9.0 

4.0 

14.0 

35.0 

12.0 

10.0 

4.0 

16.0 

72 

P 

29.6 

15.4 

2.4 

-13.6 

-27.6 

-12.8 

-21.6 

-9.0 

8.0 

8.0 

2.8 

84 

9.0 

1.0 

2.0 

1.0 

5.0 

-3.0 

-1.0 

0.0 

52 

2  hr 

P 

26.6 

10.4 

0.4 

-7.1 

-16.6 

-11.8 

-18.6 

-7.0 

10.0 

b.b.n. 

S. 

l6  doses 

84 

-2.0 

4.0 

0.0 

-9.0 

0.0 

6.0 

-1.0 

2.0 

4.0 

0.0 

56 

P 

31.6 

20.4 

5.4 

-12.1 

-9.6 

-4.8 

-15.6 

-5.0 

13.0 

7-1/2  min 

84 

-2.0 

9.0 

16.0 

25.0 

7.0 

0.0 

-3.0 

—6.0 

-1.0 

5.8 

6  hr.  lEI 

62 

115  db 

P 

27.6 

14.4 

8.4 

-8.1 

-14.6 

-1.8 

-13.6 

1.0 

17.0 

84 

4.0 

6.0 

17.0 

38.0 

44.0 

16.0 

-1.0 

—6.0 

5.0 

14.8 

74 

P 

43.6 

22.4 

-10.1 

-16.6 

-15.8 

-19.6 

-8.0 

12.0 

84 

1.0 

0.0 

4.0 

13.0 

13.0 

34.0 

1.0 

1.0 

1.0 

8.4 

6o»* 

2  hr 

P 

32.6 

13.9 

-12.1 

-14.6 

17.3 

-17.1 

—6.5 

12.5 

b.b.n. 

e 

109 

-5.0 

-0.5 

6.5 

0.0 

-1.4 

6.5 

0.5 

-0.5 

3.5 

0.8 

63  •• 

Oa 

l6  doses 

P 

39.1 

16.9 

3.4 

-12.1 

-17.1 

-19.3 

-17.1 

-0.5 

11.5 

7-1/2  min  109 
24  hr,  lEI 

0.5 

1.5 

3.0 

0.0 

1.5 

10.5 

0.5 

-3.5 

-1.5 

1.8 

76  •• 

115  db 

P 

31.6 

16.9 

7.9 

-8.6 

-7.6 

-13.8 

-13.6 

2.5 

18.5 

109 

7.0 

3.5 

—6.5 

2.5 

4.0 

8.0 

12.0 

-2.5 

-4.5 

3.5 

78  •• 

P 

23.1 

16.9 

6.9 

-6.6 

-12.6 

17.3 

-16.6 

-4.5 

15.0 

109 

6.5 

3.5 

1.5 

0.5 

-4.0 

-1.5 

4.0 

-1.5 

0.0 

1.1 

71» 


APPEMDIX  B  (oont'd.) 


CAT 

NO. 

DAYS 
AFTER 
EXPOSURE  NOISE 

0.125 

0.25 

0.5 

Frequency  In  kc/seoond 

1.0  2.0  4.0  8.0 

16.0 

32.0 

61 

8  hr 

n.b.n. 

p 

84 

25.6 

-2.0 

10.4 

-2.0 

-2.6 

5.0 

-10.1 

2.0 

-18.6 

-1.0 

-29.8 

12.0 

-15.6 

7.0 

-12.0 

7.0 

11.0 

7.0 

3.5 

70 

105 ’db 

P 

84 

24.6 

2.0 

14.4 

3.0 

6.4 

4.0 

-3.1 

1.0 

-5.6 

-10.0 

-13.8 

2.0 

-16.6 

0.0 

-3.0 

2.0 

17.0 

9.0 

0.5 

79 

P 

84 

26.6 

—2.0 

17.4 

-1.0 

10.4 

-3.0 

-5.1 

-5.0 

-18.6 

6.0 

-17.8 

17.0 

-19.6 

5.0 

-3.0 

1.0 

20.0 

1.0 

2.2 

99 

P 

84 

32.6 

-2.0 

13.5 

3.0 

0.4 

4.0 

0.9 

-3.0 

-15.6 

-1.0 

-9.8 

-10.0 

-22.6 

4.0 

-7.0 

-2.0 

14.0 

8.0 

-0.9 

53 

48  hr 

n.b .n. 

P 

84 

22.6 

2.0 

6.4 

3.0 

-1.6 

2.0 

8.0 

-22.6 

-3.0 

-24.8 

-3.0 

-21.6 

8.0 

-13.0 

8.0 

3.0 

12.0 

3.1 

59 

o« 

105  db 

P 

84 

24.6 

-1.0 

9.4 

-1.0 

1.4 

-1.0 

-4.1 

-10.0 

-16.6 

-2.0 

-22.8 

6.0 

-21.6 

2.0 

—6.0 

-10.0 

14.0 

2.0 

-2.1 

75 

P 

84 

29.6 

5.0 

14.4 

3.0 

6.4 

6.0 

-11.1 

4.0 

-15.6 

5.0 

-17.8 

12.0 

-10.0 

8.0 

14.0 

15.0 

5.9 

98 

8^ 

4.0 

-2.6 

9.0 

-8.1 

4.0 

-16.6 

1.0 

-15.8 

-4.0 

-19.6 

-2.0 

-6.0 

4.0 

11.0 

12.0 

2.5 

•f  In  these  instances  frequency  Mas  8.8,  not  8.0  kc/seeond  P  -  pre-exposure 
*  Mo  response  at  audloewter's  naxlmum. 

**  Later  used  In  S-hour  continuous  exposure. 
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